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Introduction 


Recent studies of the floral organs of 
several woody, vesselless Ranales ( Bailey 
& Nast, 1943a; Bailey, Nast & Smith, 
1943; Bailey & Smith, 1942; Bailey & 
Swamy, 1948, 1949; Money, Bailey & 
Swamy, 1950; Swamy, 1949; Swamy & 
Bailey, 1950) have revealed a new pri- 
mitive type of stamen. Certain initial 
stamineal evolutionary trends in Magno- 
liaceae have also been described ( Canright, 
1952). The stamen has little resemblance 
to the conventional type, but is a lanceo- 
late to obovate, flattened microsporophyll 
with two pairs of slender, vertically elon- 
gate microsporangia embedded or partially 
embedded in the adaxial or abaxial sur- 
face and remote from the margins. The 
microsporophyll has three veins and the 
microsporangia lie one pair to each side of 
the median vein, each pair respectively 
situated between, but adaxial or abaxial 
to, the median vein and a major lateral 
vein. Similarly, a new primitive type of 
carpel (Bailey & Nast, 1943b; Bailey, 
Nast & Smith, 1943; Bailey & Smith, 
1942; Bailey & Swamy, 1948, 1949; 
Money, Bailey & Swamy, 1950; Swamy, 
1949 ) and trends of initial carpellary spe- 
cialization ( Bailey & Swamy, 1951 ) have 
been described for the woody, vesselless 
Ranales. 

That woody, vesselless Ranales are pri- 
mitive is a widely held opinion based upon 
results of studies which have been con- 
ducted during the last forty years ( Bailey, 
1944a, 1944b, 1953; Bailey & Nast, 1945b; 
Bailey & Swamy, 1948; Bailey & Thomp- 
son, 1918; Jeffrey & Cole, 1916; Sahni, 
1932, 1935; Swamy & Bailey, 1950; 
Thompson & Bailey, 1916). It follows, 
therefore, that the microsporophylls and 


megasporophylls may represent primitive 
types. Among Nymphaeaceae (sensu 
lato ) may be found stamens of similar pri- 
mitive type, as well as conventional and 
intermediate forms. Also, in the carpels 
and syncarpous gynoecia may be found 
many of the characters observed among 
the conduplicate carpels of homoxylous 
and other Ranales. This study of Nym- 
phaeaceae was undertaken since further 
insight into the nature and evolution of 
ranalian flowers is deemed valuable 
( Bailey & Smith, 1942; Bailey & Swamy, 
1951 ), because the association of primitive 
and advanced floral features in the same 
family is intriguing, and, finally, to contri- 
bute information which may aid in the 
eventual solution of the problem of angio- 
sperm origin. 

Although considerable has been written 
of the ‘structural features of nymphaea- 
ceous flowers (Caspary, 1891; Conard, 
1905; Van der Hammen, 1947-1952; 
Leinfellner, 1956a; Payer, 1857; Planchon, 
1853; Saunders, 1923, 1925; Trécul, 1854; 
Troll, 1933; Van Tieghem, 1886), an in- 
vestigation and interpretation of all eight 
genera in the light of modern theories of 
floral evolution is needed. The present 
paper presents the study of the stamens 
of the eight genera generally thought to 
compose the Nymphaeaceae ( sensu Jato ) 
( Caspary, 1891; Conard, 1905; Lawrence, 
1951; Li, 1955). Subsequent research 
will be concerned with the structure of 
the gynoecium and receptacle, and the 
anatomy of the vegetative parts. 


Materials and Methods 


Floral material of all genera of Nym- 
phaeaceae has been studied. Entire 
flowers or portions of them have been 


’ 


to 55°C (Simpson, 1929). 
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cleared in order to determine the source 
of the vascular supply to the stamens. 
Individual stamens have also been cleared 
for study. The only successful clearing 
solution was 70 per cent lactic acid warmed 
The delicate 
aerenchymatous tissue was quickly ma- 


 cerated by warm 5 per cent sodium 
hydroxide (Bailey & Nast, 1943b) or 


chloral hydrate (Foster, 1955). The 
material remained clear only in 70 per cent 
to pure lactic acid. Material of Nelumbo 


_ would not clear in any of the above clear- 


ing solutions nor bleach in ‘‘ Eau de 
Javelle” (Debenham, 1939), hydrogen 
peroxide ( Johansen, 1940), or free chlo- 
rine ( Chamberlain, 1932 ). 

A few stamens of nearly all samples were 
embedded in paraffin, sectioned by rotary 
microtome, the sections mounted in series 
on microscopic slides, and stained with 
Heidenhain’s Hematoxylin and Safranin 
by conventional methods ( Johansen, 
1940). Thin, free-hand sections of sta- 
mens infiltrated with 4 per cent celloidin 
were prepared in certain cases to supple- 
ment the serial sections cut in paraffin. 
The cleared material was valuable for in- 
vestigation of gross aspects and the 
vascular pattern. The material treated 
by conventional means was useful in de- 
termining certain microscopic features as 
the nature and extent of the endothecium. 

Table 1 lists the genera and species 
studied, and additional information. It 
is clear that further study would be help- 
ful and that the writer cannot pretend 
that this work is exhaustive. It is some- 
what predictable that variations of the 
lesser divisions of the vascular system 
would be abundant but that certain basic 
characters, such as the extraordinary con- 
densation of the receptacular stele or the 
lack of vascular contact with the endo- 
thecium, would be quite constant. It is 
felt that the survey has been sufficient to 
present descriptions of the stamens of the 


genera and to indicate basic stamineal 
evolutionary trends among Nymphaea- 
ceae. 

With certain exceptions the species 
names were determined or verified by the 
utilization of the appropriate manual or 
monograph (Bailey, L. H., 1949; Beal, 
1956; Conard, 1905; Fernald, 1950; Ryd- 
berg, 1932; Small, 1933) and by compa- 
tison with specimens in the Harvard Uni- 
versity Herbarium. Mr. Harry Johnson 
of Paramount, California, kindly identi- 
fied several species and hybrids of Nym- 
phaea. Specimens not collected in the 
United States were identified by the collec- 
tors, and verified when possible by the 
writer. 


Descriptive Data 


A BRIEF DESCRIPTION OF RECEPTA- 
CULAR ANATOMY —It is necessary to 
understand, in at least a superficial 
manner, the receptacular anatomy so that 
the vascular supply to the stamens may be 
described. 

Nymphaeaoideae — In Nymphaeaoideae 
(Nymphaea, Nuphar, Victoria, Euryale, 
and Barclaya) the vascular plan of the 
flower is basically similar. In the base of 
the receptacle there is a single, loosely 
organized ring or disc of vascular tissue 
( Fig. 3) formed by the mingling of all the 
vascular bundles from the pedicel. Prob- 
ably no bundle maintains its integrity in 
the ring or disc. The anastomosing is so 
intricate that to follow the pathway of a 
single bundle through the network is im- 
possible. Each bundle usually divides 
into several smaller parts which anasto- 
mose with similar strands of other bundles. 
Even phloem and xylem become entangled. 

The sepals typically receive bundles 
which originate laterally from the vascular 
ring. From the outer, upper margin of 
the ring large bundles separate and supply 
the remainder of the flower (Fig. 3). 


ee 


Fıcs. 1-6 — Stamens of Nymphaca and the basic vascular structure of the flower of Nymphaea. 


All drawings from material cleared to reveal vascular supplies within; all stamens from adaxial 


aspect. 


Fig. 1. Inner stamen of N. heudelotii. x 7. 


Fig. 2. Central stamen of same. x 7. 


Fig. 3. One quarter portion of a dissected flower of N. odorata to demonstrate vascular supply to 


floral parts. x 5. 


Transverse section chosen from serial sections. 
Fig. 6. Stamen of N. sp. x 6. 


endothecia. x 5. 


Fig. 4. Outer stamen of N. heudelotii. x 7. 


Fig. 5. Stamen of N. gigantea. 
Darkened areas represent regions containing 
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The bundles at first are nearly horizontal 
and lie in the tissue below the gynoecial 
loculi. The ventral bundles of the carpels 
may originate from the large bundles or 
from the inner margin of the stelar ring or 
both. The petal and stamen traces arise 
from the large bundles (except in 
Barclaya ) either near the base of the flower 
when the organs are hypogynous or from 
the wall of the gynoecium when peri- 
gynous ( Fig. 3) or epigynous. The large 
bundles in the carpel walls frequently 
anastomose and finally terminate in the 
top of the carpels, frequently anastomosing 
with the ventral bundles, or ending freely 
in the stylar processes. The petals in 
Barclaya are fused and epigynous; they 
receive their vascular bundles from the 
large bundles near the top of the 
gynoecium. The stamens are epipetalous 
and receive short bundle branches from the 
vascular bundles in the corolla tube. 
Cabomboideae — The vascular systems of 
the flowers of Cabomba and Brasenia are 
similar to those of Nymphaeaoideae but 
are of a more primitive type since the 
flowers are hypogynous and apocarpous 
(Fig. 7). The pedicel bundles form a 
partial to complete ring of vascular tissue 
in which the identity of the bundles is lost. 
From the ring arise bundles to all parts of 
the flowers. Frequently, a second vascu- 
lar ring is formed above the first from 
several large vascular strands which rise 
from the lower ring. Single bundles ori- 
ginate in the lower ring and in the upper 
ring, if present, to supply the stamens 
and carpels (Fig. 7). The trace to the 
carpel divides into dorsal and two ventrals 
as it enters the carpel base. 
Nelumboitdeae — The vascular pattern 
of the flower of Nelumbo is not fully under- 
stood, yet, but apparently it bears some 
similarity to that of other nymphaeaceous 
genera. There are inner and outer rings 
of vascular bundles and each in turn forms 
a vascular ring. The inner system forms 
a vascular ring proximally and from this 
arise bundles part of which supply four 
petals. This pattern is then repeated 
until all traces to the petals have formed. 
Above this, the peripheral bundles form a 
vascular ring from which traces arise suc- 
cessively to supply the stamens. Still 
more distally, an inner ring of 5 and an 
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. Fic. 7 — One-half portion of partially dissect- 
ed and cleared flower of Brasenia schreberi to 


floral organs. 


illustrate vascular supply to 
20: 
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outer ring of 15 vascular bundles are 
formed. The 15 outer bundles are said 
to supply the carpels ( Wigand & Dennert, 
1888 ). 

a STAMENS OF NELUMBOIDEAE: 
Nelumbo — In Nelumbo there are many 
free stamens attached hypogynously in a 
spiral phyllotaxy. The stamens are fairly 
well differentiated into filaments and 
anthers ( Fig. 15), but they are very long 
and linear in shape. The filament is 
round to oval in transverse section and 
constricted ( Fig. 15). The anther is basi- 
fixed and somewhat atypical since it is 
triangular in transverse section with the 
abaxial dimension the greatest ( Fig. 15A ). 

There is an abrupt change between 
stamens and petals since there are no 
intermediate structures and no staminodia. 
There is, however, some diminution of the 
proportion of microsporangial to sterile 
tissue. The distal sterile appendage (Fig. 
15) is prominent, clavate, and has an 
obtuse apex, and may be + to „ of the 
length of the stamen. 

There are four adaxial to sub-lateral, 
elongate, vertically oriented, very slender 
microsporangia (Fig. 15) which occur in 
pairs, one pair to each side of the median 
vein. The microsporangia nearest the 
median vein are clearly adaxial to the vein 
and on the broad face of the fertile portion. 
The outer microsporangia of each pair lie 
so that they are sub-lateral in position 
(Fig. 154A). At anthesis, the adjoining 
walls of each microsporangial pair separate 
from the connective and each pair of loculi 
becomes a single one. Dehiscence is longi- 
tudinal and introrse to latrorse. The 
thecae are protuberant, there is no 
sterile lip or shelf lateral to the micro- 
sporangia, and the lateral margins of the 
anther form the walls of the lateral 
microsporangia. 

The vascular supply to the base and in 
the base of the stamen is variable. The 
supply may be a single bundle and it may 
remain so throughout the stamen without 
formation of branches. The trace may be 
single but give rise to one to four laterals 
( Fig. 15) at the attachment region of the 
stamen or above the attachment zone 
within the base of the stamen. The ori 
ginal bundle is centrally situated in the 
filament and is always larger than its 
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laterals. Occasionally, the supply at the 
base of the stamen consists of a large 
bundle and a small one or a large one and 
two small ones derived as separate entities 
from the stelar supply. Other arrange- 
ments would probably be found in similar 
collections. 
ever, straight. They tend to form a circle 
around the median bundle; they appear 
in slightly different positions relative 
to the median vein in different sections. 
All bundles in the stamens and traces 
are collateral. The phloems of the lateral 
bundles tend to face the central bundles, 


The laterals are rarely, if | 


but considerable rotation of the veins | 


occurs ( Figs. 15B, C, D). 


Neither the large median vein nor the | 


laterals form smaller branches. The large 


median terminates without further branch- | 


ing in the apex of the distal sterile ap- 
pendage. The laterals all end in the fila- 
ment, as far as known ( Fig. 15). Some 
terminate very near the base, occasionally 
one just beneath the anther, the others at 
intermediate levels. In some cases, all 
laterals terminate abruptly near the base 
of the filament. 


There is no evidence 


from the vascular pattern of a bifacial or 


diplophyllic structure ( Leinfellner, 1956a, 
1956b ). 

Since there is only the median vein in 
the region of the microsporangia, and this 
abaxial and central to the microsporangia, 
there is never any proximity of a vein toa 
microsporangium nor any vascular con- 
tinuity with the endothecium. The endo- 
thecium is not of the common type, appa- 
rently, but is formed of radially elongate 
cells with thickened inner and radial walls 
with no fibrous bands. The endothecium 
is found in the protuberant walls of the 
thecac (Fig. 15A ) but not in the inner 
microsporangial region. 

THE STAMENS OF CABOMBOIDEAE: 
Cabomba — The stamens are few in num- 
ber, usually 3 to 6, separate, attached in a 
whorl above the petals and alternate with 
them. The stamen in Cabomba aquatica 
( Figs. 8, 9) is well differentiated with a 
slightly flattened filament and fairly con- 
ventional anther. The microsporangia 
are lateral and attached to a slender con- 
nective except at the base where the con- 
nective is somewhat wider and the micro- 
sporangia are more abaxial in position. 


| 
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In C. caroliniana the microsporangia are 
Clearly abaxial ( Figs. 10, 10B ), the anther 
is less conventional, only moderately well 
differentiated, and similar to the flattened 
types of other genera. The apex is less 
flattened and more typical than the base 
with the microsporangia sub-lateral ( Fig. 
10A ) and protuberant. The anther is 
basifixed. 

In both species studied, the stamens are 
straight before anthesis. Growth is inter- 
calary in part and the anther is lifted 
simultaneously with its development. In 
C. aquatica the filament remains essentially 
straight as anthesis occurs. During an- 
thesis in C. caroliniana the filament be- 
comes arched so that the adaxial face 
becomes concave, except at its apex where 
it curves centrifugally to a nearly hori- 
zontal position. The anther in the young 
stamen is straight, but it becomes sharply 
arched at anthesis so that the tip describes 
an arc of approximately 180° as epinasty 
occurs. This inverts the anther so that its 

adaxial face becomes convex ( Fig. 8). 

There is no close resemblance between 
stamens and petals and no intermediate 
forms between the two sets of organs. 
Staminodia are lacking. There is no distal 
sterile appendage and the stamineal apex 
is retuse. 

There are four elongate, slender micro- 
sporangia oriented vertically which occur 
in pairs, one pair to each side of the con- 
nective or median sterile portion. During 
anthesis the adjoining walls of a pair of 
loculi separate from the connective or 
sterile tissue and a single loculus is formed 
from each pair. Dehiscence is longitu- 
dinal and varies from latrorse to introrse 
in C. aquatica and from extrorse to introrse 
in C. caroliniana due to the inversion of the 
anther in both species. In C. aquatica 
the sub-lateral to truly lateral loculi are 
prominently protuberant (Fig. 9A). The 
microsporangia protrude abaxially where 
sub-lateral, instead of adaxially. In C. 
caroliniana the microsporangia are nearly 
completely embedded in the flattened base 
( Fig. 10B ) but protrude prominently and 
abaxially in the distal portion of the anther 
(Fig. 104). The walls of the anther-sacs 
form the walls of the microsporangia and 
the margin of the anther since no lateral 
flange of sterile tissue remains. 
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Serial sections of the developmental 
stages of the flowers of C. caroliniana 
were examined. Apparently, the micro- 
sporangia are abaxial from the very 
moment they begin to form. Very early, 
hardly beyond the primordial stage, the 
distal portion begins to enlarge abaxially 
more rapidly than adaxially and the pro- 
truding microsporangia soon take shape. 
If the microsporangia were adaxial in 
earlier times, such a stage is entirely 
omitted in present ontogeny. 

A single trace enters the base of the 
sporophyll. It is derived from a recepta- 
cular vascular ring as in other genera. 
Each trace arises individually from the 
ring below the carpel supply and scarcely 
above the petal supply. Occasionally, 
the trace becomes two outside of the stele, 
but the two bundles come together again 
below the base of the stamen. The 
single vein remains basically unbranched 
throughout a stamen. Occasional ex- 
tremely short lateral branches which end 
blindly form the only exceptions. The 
vein in the filament is greatly reduced, 
often to a single tracheid and poorly dis- 
tinguishable phloem. The bundle is appa- 
rently collateral. Higher in the stamen, 
a single tracheid, and often not even this, 
is all that remains. The bundle termi- 
nates at the same level as the distal tips 
of the microsporangia, slightly proximal 
to them, or gradually disappears still 
lower. No veins supply the micro- 
sporangia nor do they contact the endo- 
thecium. There is no anatomical evidence 
in the fertile portion of a diplophyllic 
structure. 

The endothecium of C. aquatica is the 
ordinary type with fibrous bands. It 
occurs in the protuberant walls of the two 
anther-sacs and flares out slightly into 
the sterile tissue of the connective ( Fig. 
9A). In the samples of C. caroliniana 
examined, no endothecium was observ- 
ed in either mature or developmental 
stages. Additional samples should be 
studied. 

Brasenia — This genus has usually a 
large, indefinite number of hypogynous 
stamens attached in one or more whorls. 
The stamens are conventional in shape 
( Fig. 14) with differentiation into a con- 
stricted filament, connective, and paired 


Fiss. 8-15. 
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lateral microsporangia. 
basifixed. 

There is no close resemblance between 
stamens and petals and no intermediate 
forms between the two sets of organs. 
Staminodia are lacking. The distal sterile 
appendage is either lacking or very short, 
not exceeding ;!; of the total length. The 
apex of the stamen varies from truncate 
to obtuse. 

There are four elongate, slender micro- 
sporangia oriented vertically in pairs, one 
pair to each side of the connective with 
its median vein. At anthesis the adjoin- 
ing walls of a pair of loculi separate from 
the connective so that a single anther-sac 
arises from each pair. Dehiscence is longi- 
tudinal and latrorse. The stamens rotate 
around their vertical axes as the flower 
ages, but the pollen may be shed before 
this occurs. The microsporangia are pro- 
tuberant, being only slightly embedded 
in the connective ( Fig. 14A). The anther 
margin is, of course, formed by the walls 
of the two anther-sacs. 

As described, there is a receptacular 
vascular ring and an intermingling of 
bundles from this may form a less definite 
secondary ring above (Fig. 7). The 
stamineal bundles originate individually 
from either the lower or upper ring. Each 
stamen receives a single vascular bundle. 
The bundle remains unbranched through- 
out the stamen except at the apex. No 
major laterals are formed. The vein ter- 
minates level with the tops of the micro- 
sporangia, just a little proximal to them, 
or slightly above in the distal sterile ap- 
pendage ( Fig. 14) ifpresent. The median 
vein may terminate in a dichotomy or form 


The anther is 


two short, alternately arranged branches 
just proximal to termination. There is no 
vascular evidence of a diplophyllic struc- 
ture. The microsporangia are lateral to 
the median vein. Since there are no 
laterals, except the very short terminal 
branches, no vein supplies a microsporan- 
gium nor does one become continuous with 
the endothecium. The bundles are col- 
lateral throughout. 

The endothecium is of the ordinary 
type with fibrous bands. It occurs in the 
protruding walls of the thecae and flares 
out, if at all, very slightly into the sterile 
tissue of the connective ( Fig. 14A ). 

THE STAMENS OF NYMPHAEAOIDEAE: 
Nuphar — In Nuphar there is a large and 
indefinite number of separate stamens, 
attached hypogynously to slightly peri- 
gynously, in a spiral phyllotaxy. The 
stamens are not conventional ( Figs. 11, 
13 ) but are relatively unmodified, oblong, 
dorsiventrally flattened with distal fertile 
regions and sterile basal regions. They 
are variable in length and breadth: the 
outer ones have the greatest dimensions 
and there is a gradual reduction in both 
dimensions from outer to inner stamens. 
The sterile basal regions of the innermost 
stamens, although flattened, are slightly 
narrower than the fertile regions. 

Each inner stamen (Fig. 11) has a 
sharp outward bend, with an adaxial angle 
of about 270° near its base, tilting the 
stamen into a horizontal plane. Higher in 
the sterile portion, there is a sharp upward 
fold with an adaxial angle of about 80° 
to 100° which tilts most of the stamen back 
to a nearly vertical orientation. In the 
fertile portion the stamen is again recurved 
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Fics. 8-15 — Stamens of Cabomba, Brasenia, Nuphar, and Nelumbo. 
stamens from cleared (except Nelumbo) material to show vascular supplies. h 
Transverse aspects were drawn from serial sections; 


nucifera reconstructed from serial sections. 


darkened areas represent regions containing endothecia. ' 1 
9. C. aquatica, young entire stamen, abaxial 


Drawings of entire 
Stamen of Nelumbo 


Fig. 8. Cabomba aquatica, stamen just 


revious to anthesis, lateral view. x 30. Fig. 
ex 30. Fig. 9A-A. Transverse section of same, as indicated. x 69. Fig. 10. Entire 
stamen of C. caroliniana, abaxial view. x 30. Figs. 10A-A & 10B-B. Transverse sections of 
same, as indicated. x 54. Fig. 11. Entire stamen of Nuphar variegatum, lateral view. x 11. 
Fig. 12. Petal of N. variegatum, adaxial aspect. x 6. Fig. 13. Entire stamen of N. variegatum, 
adaxial view, x 6. Fig. 13A-A. Transverse section of same, as indicated, x 17. Fig. 14. 
Entire stamen of Byasenia schreberi, adaxial aspect. X 123 Eier 14A-A. Transverse section of 
same, as indicated. x 30. Fig. 15. Entire stamen of Nelumbo nucifera, adaxial view. x 8. 
Figs. 15A-A & 15D-D. Transverse sections of same, as indicated. 15A-A. x 21. 15B-B & 


15D-D. x 28. 
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so that the adaxial surface becomes con- 
vex. Each outer stamen is straight or 
recurved slightly in the fertile portion but 
bent sharply in the basal region to form an 
adaxial angle of approximately 270°. 
The basal curve of the stamens carry them 
out clear of the ovary base; the recurved 
fertile portions match the arched and en- 
larged stigmatic disc. 

The abaxial surface of the stamen may 
be ribbed variously with 0 to 5 longitudi- 
nal ribs ( Fig. 13A ). The outer stamens 


resemble the innermost tepals in shape, - 


but there is no gradual transition from 
stamens to tepals. There are no stami- 
nodia unless the innermost tepals are con- 
sidered staminodia. Distal sterile ap- 
pendages are present but inconspicuous, 
1/10 to 1/20 of the total length of the 
stamens. The stamen is abaxially thick- 
ened, truncate from a surface aspect, and 
perpendicular to the upper surface or 
chisel-shaped from a lateral aspect. 

There are four adaxial, elongate, slender 
microsporangia vertically oriented in pairs, 
one pair to each side of the median vein. 
At anthesis, the adjoining walls of each 
microsporangial pair separate so that each 
pair of loculi becomes a single loculus. 
Dehiscence is longitudinal and introrse 
toextrorse. Although dehiscence is usual- 
ly described as introrse, it appears from the 
study of living opening flowers that some 
pollen must be shed extrorsely due to the 
recurving of the fertile region of the stamen 
(Fig. 11). The microsporangia are pro- 
tuberant to very slightly embedded. 

The lateral margin of the fertile portion 
of the stamen is formed by sterile tissue 
( Fig. 13A ), not by anther-sac walls. In 
the narrow, innermost stamens, although 
less readily apparent, a lip of sterile tissue 
is present, flush with and abaxial to the 
microsporangia. 

The vascular supply to each stamen is a 
single vascular bundle derived from a lar- 
ger bundle which lies beneath a loculus of 
the gynoecium. This bundle in turn ori- 
ginates in the receptacular vascular ring, 
supplies the petals and stamens, and be- 
comes the dorsal bundle of a carpel. The 
basal vein typically remains single to a 
position slightly below the microsporangia 
(Fig. 13) where major left and right 
branches originate. The median vein ter- 


minates in the apex slightly distal to the 
microsporangia. Each major branch lies 
abaxial to a pair of microsporangia and 
may terminate in the apex or at more 
proximal levels. If one of these principal 
branches terminates low in the fertile 
region, smaller branches from the median 
vein supply the tissue beneath the micro- 
sporangia. The branches may form short 
tertiary divisions. 

Among the large outer stamens, one or 
two lateral veins may arise immediately 
below a sporophyll from the trace or at the 
level of a sporophyll attachment from the 
median vein. Such a lateral terminates 
at some level in the fertile region abaxial 
to the microsporangia, and replaces major 
branches from the median vein on its side. 
In no case is a vein branch directed 
toward a microsporangium nor does one 
become continuous with the endothecium. 
All veins are abaxial to the microsporan- 
gia. All are collateral vascular bundles. 
There is no evidence in the vascular struc- 
ture of the fertile portion of a diplophyllic 
ancestry. 

The endothecium is of the ordinary type 
with fibrous bands. It occurs in only the 
adaxial protruding walls of the thecae. 

Few differences exist between the sta- 
mens of the two species examined. Each 
stamen of N. variegatum examined had but 
a single median vein in the basal region, 
whereas, a few of the larger, outer stamens 
of N. sagittifolium had 1 or 2 laterals in 
the sterile basal parts as described above. 
In general, the distal sterile appendage is 
slightly more prominent in N. sagitti- 
folium. 

Since the tepals ( Fig. 12) immediately 
below the stamens resemble the stameas 
so closely it is well to describe them briefly. 
They resemble the outermost stamens ex- 
cept that microsporangia are absent. 
There is a nectary on the abaxial surface 
of each. The tepals are oblong, slightly 
longer than wide, and have truncate, 
emarginate apices in N. variegatum and 
truncate, retuse apices in N. sagittifolium. 
They are generally slightly broader than 
the stamens. The vascular supply to 
each tepal originates as a single trace from 
the same common system which supplies 
the stamens and carpels. Each bundle 
divides just within the base or just below 
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the attachment zone of the tepal it sup- 
plies into three or more vascular bundles. 
The bundles are collateral, and some of the 
smaller branches are inverted, although 
rotation of the bundles through 90° is 
common. 

It is the opinion of the writer that the 
tepals are best considered petals. There 
is no gradual transition, however, between 
petals and stamens as there is in Nym- 
phaea. The sepals, more typically petaloid 
than the petals, receive their vascular sup- 
ply usually from the pedicel stele directly. 
Occasionally, a small bundle from the re- 
ceptacular vascular ring may join the 
vascular supply to a sepal. 

Nymphaea — In Nymphaea there is a 
great and indefinite number of stamens 
which are said to be perigynous. The 
stamens are attached in a spiral sequence 
or in whorls to the walls of the ovary. In 
most of the species studied, the stamens 
are not of the conventional type but are 
of the flattened, broad type with adaxial, 
partially sunken microsporangia. This type 
is well known in Nymphaea. 

Inner stamens are essentially lorate, 
linear, or narrowly lanceolate ( Figs. 1, 2, 
4, 6, 18, 19) with the basal portions more 
constricted than the fertile portions in 
some species, as in N. gigantea ( Fig. 5) 
or N. odorata ( Figs. 18, 19). The outer- 
most stamens in most species are broadly 
ovate, obovate, or elliptic ( Figs. 16, 17). 
In most species the stamens grade over 
centrifugally into petals gradually by a 
lengthening and an acropetal restriction of 
the fertile portions ( Figs. 16-19). Also, 
as the stamens become more petaloid, they 
broaden first proximally and then broaden 
distally until the outermost are petaloid 
and have greatly reduced microsporangia. 
In N. caerulea and N. capensis, however, 
the distal fertile portions remain narrow 
and the transition from stamens to petals 
is moderately abrupt. In N. heudelotit 
the transition to petals is gradual; but, as 
one passes centrifugally, the micro- 
sporangia become restricted basipetally 
(Figs. 1, 2, 4). Centripetally, the sta- 
mens become superficially conventional. 
The basal sterile portions become pro- 
gressively narrowed until they are nar- 
rower than the fertile apices. In N. 
gigantea the stamens are sub-conventional 
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in shape (Fig. 5) and no gradual transi- 
tion to petals occurs. The outer stamens 
have slightly winged proximal portions, 
but these are the only indications of tran- 
sition. 

In most species the microsporangia are 
strictly adaxial in position on the dorsi- 
ventrally flattened, distal portions of the 
stamens. In N. colorata, N. caerulea, and 
N. odorata ( Figs. 18A, 19A) the inner 
stamens show greater differentiation with 
a phyletic rotation of the microsporangia 
having occurred so that they are sub- 
lateral. In N. gigantea all the stamens 
present the greatest differentiation with 
the distal portions bearing sub-lateral 
microsporangia ( Fig. 5 ). 

In transverse aspect the proximal por- 
tions of all non-conventional, broad 
stamens are thin and petaloid and of sub- 
conventional types either elliptical or oval 
as in N. gigantea ( Fig. 5) or flattened as 
in N. odorata ( Figs. 18A, 19A ). The fertile 
regions in cross-sectional aspect are essen- 
tially rectangular in flattened stamens. 
In others they are U-shaped, due to pro- 
tuberant microsporangia, with elongate 
and V-shaped furrows along the median 
axes. In sub-conventional types, as in 
N. gigantea, the stamen is triangular in 
transverse section (Fig. 5) due to the - 
adaxial position of the two central micro- 
sporangia and sub-lateral position of the 
two outer microsporangia. 

Curvatures of the stamens are variable. 
In some, as N. mexicana, there is a sharp 
bend just proximal to the fertile portion 
of astamen forming an acute adaxial angle 
and the microsporangial portion is clearly 
convex adaxially. In other species, there 
are no striking curvatures, although in 
general, the basal portions of the stamens 
are typically slightly concave adaxially 
along the vertical axes ( carinate ) and the 
fertile portions are slightly convex. 

No staminodia occur. The gradual 
transition from stamens to petals pre- 
cludes staminodia. There are no com- 
pletely sterile structures which resemble 
stamens, nor any which do not resemble 
petals. There are intermediate forms, 
but these are fertile. 

The distal sterile appendages of the 
stamens in several species and hybrids, 
as N. gigantea (Fig. 5), N. odorata ( Figs. 
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16, 17) and N. alba x N. mexicana, are 
very short (1/10 of the total length} to 
practically non-existent and acute on the 
outer petaloid types to obtuse or truncate 
on the inner types ( Figs. 6, 18, 19). In 
other species there are striking appendages 
( Fig. 1) varying from 1/16 of the length 
of inner stamens to 1/5 or even 2/5 of the 
length of outer stamens. The shapes of 
the apices of these types vary from acute 
on inner stamens to obtuse on outer ones. 

There are four elongate, slender, usually 
vertical microsporangia in pairs in each 
stamen, one pair to each side of the median 
sterile portion. At anthesis, the septa of 
adjoining microsporangial pairs tear and 
the pollen is shed from a common slit on 
each side. Dehiscence is typically longi- 
tudinal and essentially introrse, but some- 
what latrorse in sub-conventional types 
with sub-lateral microsporangia. In some 
species, as N. mexicana and N. odorata, 
the microsporangial pairs are separated 
more proximally than distally in the 
outer stamens so that dehiscence is oblique 
and typically introrse. 

The microsporangia are variously em- 
bedded in the upper surface. In N. 
caerulea, for example, the microsporangia 
are nearly to completely embedded in the 
outer sporophylls but slightly protuberant 
in the inner, narrow stamens. The margin 
of the fertile portion is of sterile tissue. 
In other species and hybrids, as N. capen- 
sis and N. tetragona x N. alba, the micro- 
sporangia are partly protuberant, 1/2 to 
3/4 embedded adaxially with the proximal 
portions more protuberant than the distal 
portions. Distally, and often proximally, 
there is commonly a pit which extends 
beyond the termini of the microsporan- 
gial pair on a side ( Figs. 1, 6). In N. 
gigantea, where the microsporangia are 
sub-lateral, they are 1/2 to 2/3 embedded 


and the margin of the fertile portion of the 
stamen is formed by the walls of the two 
anther-sacs (Fig. 5A). In N. mexicana 
and many other species (Figs. 16A, 17A-B) 
the microsporangia are completely super- 
ficial to but shghtly embedded and in some 
species each pair seems to stand on a raised 
ridge. In certain other species there is 
considerable variation in an individual. 

All traces to the stamens and veins with- 
in are collateral vascular bundles. In the 
inner sub-conventional stamens of nearly 
all species and hybrids examined, the 
number of veins near the base of, but 
clearly within, each sporophyll is three 
( Figs. 1, 2, 6, 19). In the stamen of N. 
gigantea, which has more conventional 
stamens than all other species, there is but 
a single vascular bundle ( Fig. 5). In N. 
tetragona x N. alba there is also but a single 
bundle. In most species, as one passes 
from the inner to the central broader 
stamens and from these to the outer transi- 
tional, petaloid stamens, the number of 
basal veins increases from 3 to 7, or even 
9. In N. odorata (Figs. 16-19) and 
certain others there may be up to 15 in the 
outer stamens. 

Branching of the single stamineal trace 
into the principal veins of a stamen may 
occur just below the base of the stamen — 
( Figs. 1, 17), at the approximate level of 
attachment of the stamen to the re- 
ceptacle, or entirely within the sporophyll 
(Fig. 18). The division takes place typi- 
cally just below the base of the stamen. 
Occasionally, a small vascular bundle from 
the wall of the ovary may join the trace as 
it enters the stamen ( Fig. 17). 

Frequently, as in N. mexicana or N. 
gigantea ( Fig. 5 ), the two principal lateral 
veins of a stamen, or branches from them, 
become one in the median region just 
proximal to the microsporangia. The 
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Fics. 16-19 — Stamens of Nymphaea odorata. 


All drawings of entire stamens are from 


material cleared to show vascular supplies within, and immediately proximal to, the stamens. 
Transverse aspects are from serial sections; endothecia represented by darkened areas. Fig. 16. 
Outer stamen. x 44. 16A-A. Transverse section of microsporangial region. x 9. Fig. 17: 
Central stamen. x 44. (See also Fig. 25J). Figs. 17A-A & 17B-B. Transverse sections of same, 
as indicated. 17A-A, x 18. 17B-B, x 14. Fig. 18. Innermost stamen. x 6. Fig. 18A-A. 
Transverse section of same, as indicated. x 24. Fig. 19. Inner stamen. x 4. Fig. 19A-A. Trans- 
verse section of same, as indicated. x 16. 
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fusion product then lies immediately ad- 
axial to the principal median vein and 
between the pairs of microsporangia. In 
some cases ( Fig. 19) a single lateral vein 
arises from the median vein and lies ad- 
axial to it in the fertile portion. This 
adaxial, median vein is commonly in- 
verted. When this auxiliary bundle is 
iormed by the fusion of the two laterals, 
the phloems of the two bundles join first 
and then the xylems. In the innermost 
stamens of many species, where but a 
single vein occurs in the proximal portion 
of each stamen, a lateral from each side 
may arise just proximal to the micro- 
sporangia and come to lie abaxial to the 
microsporangia ( Fig. 18 ). 

Finer branching of the principal veins 
is very variable. In many species there is 
little or no fine branching in the sterile 
portion of the stamen. In others, there is 
a moderate amount of branching. In 
general, there is a moderate amount of fine 
branching in the fertile portion abaxial 
to the microsporangia. Anastomosing is 
common. In N. gigantea, small laterals 
arise from both veins in the fertile region. 

The termination of the vascular bundles 
is quite variable. Ordinarily, the prin- 
cipal median bundle terminates in the 
distal sterile appendage, or very close to 
the apex if the appendage is lacking. In 
all but the smallest inner stamens, the two 
principal laterals of a stamen may also 
terminate in the sterile appendage, if the 
appendage is present, or form loops with 
the median vein (Fig. 17). When a 
median vein adaxial to the principal 
median vein is present, it usually anas- 
tomoses with the latter by the forma- 
tion of a loop (Fig. 5). The smaller 
laterals of the outer stamens may ter- 
minate at various levels within the sterile 
proximal portions. 

In the smaller stamens of most species, 
and generally in stamens of some species, 
the principal laterals also terminate con- 
siderably below the proximal limits of the 
microsporangia. Lateral branches of the 
median vein of a stamen may then vascu- 
larize the tissue beneath the micro- 
sporangia. Such conditions seem to in- 
dicate that reduction of both non-vascular 
and vascular tissue has occurred con- 
comitantly in the evolution of the inner 
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sub-conventional stamens. It 
possible that the laterals which extend — 
parallel to the median vein in such reduced _ 
stamens may be the distal vestiges of the 
principal laterals which have become 
linked secondarily to the median vein by 
finer branchings of the median vein. The 
stamens described above with very short 
principal laterals, yet with new laterals 
arising from the median vein just proximal 
to the microsporangia ( Figs. 18, 19 ), may 
represent transitional ones. Apparently, 
the narrowing of the proximal portions has 
eliminated the proximal parts of the 
principal lateral veins. 

The microsporangial pairs lie adaxial 
to all lateral veins except in the outer 
petaloid and intermediate stamens of 
certain species. In these latter, the outer- 
most lateral bundles may lie lateral and 
parallel to, or lateral and adaxial to the 
microsporangia. The microsporangial pairs 
also lie adaxial to, and clearly lateral 
to, the principal median veins, and also 
lateral to the auxiliary, median adaxial 
vein when present. 

No veins terminate in or are seemingly 
directed toward a microsporangium, nor 
are any veins continuous with the endo- 
thecium. The endothecium is typical 
with fibrous bands. It is found in the 
outer adaxial and exposed walls of the 
microsporangia and flares out into the 
sterile tissue for a slight distance lateral 
to the microsporangia. 

Victoria — The stamens are numerous, 
of indefinite numbers, free, perigynous to 
epigynous, and spirally attached. The 
stamen is not differentiated into filament 
and anther in the typical angiospermous 
fashion although the condition is ap- 
proached in the inner stamens. 

The inner stamens are nearly linear to 
lanceolate ( Fig. 20), whereas the outer 
stamens are subulate to lanceolate ( Fig. 
21) or all are more or less subulate (V. 
cruziana ). The outer stamens grade over 
centrifugally into subulate staminodia and 
centripetally into the smaller inner sta- 
mens. All the male sporophylls and 
staminodia are rather thick and rigid, and 
all are dorsiventrally flattened. The sta- 
mens and staminodia are arched in an 
S-shaped fashion, as seen laterally: the 
adaxial faces of the proximal portions are 
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concave, whereas the adaxial faces of the 
distal portions are convex. Although the 
transition centrifugally from the inner 
linear stamens to the outer subulate 
stamens and staminodia is gradual, the 
transition from the staminodia to the thin, 
broader petals is abrupt with no inter- 
mediate forms. There is no close re- 
semblance between the petals and the 
stamens. Sterile distal appendages are 
present on all stamens (Figs. 20, 21). 
The appendage varies from a cuspidate 
structure, 1/7 the total length of the outer 
stamens to a longer acute structure, 1/4 
the length of the inner stamens. 

The vertically oriented, strictly ad- 
axial microsporangia are elongate, slender 
structures occurring in pairs, one pair to 
each side of the median vein. As in the 
other genera, a single anther-sac is formed 
on each side at anthesis. Dehiscence is 
longitudinal and introrse. The micro- 
sporangia vary from being nearly com- 
pletely to one-half embedded in the ad- 
axial sterile tissue ( Figs. 20A, 20B ). The 
margin of the stamen is formed by sterile 
tissue lateral to the anther-sacs. 

Each of the majority of stamens and 
staminodia receives a single vascular trace 
from the vascular supply in the wall of the 
inferior ovary and this continues as the 
median vein ( Figs. 20, 21). The laterals, 
of which there may be up to nine, arise 
from the median vein in the base of the 
stamen or just below the attachment zone 
in the receptacle ( Figs. 20,21). Some of 
the outer laterals may arise from traces 
which are independent of the median trace 
( Figs. 20, 21). Also, small independent 
traces may join the median trace ( Fig. 
21). Since the ovary in Victoria is in- 
ferior, and since the condition may have 
arisen by adnation of the stamens to the 
ovary wall, the median stamineal trace 
may be a terminal branch from a vascular 
bundle which is the phyletic product of 
the fusion of at least one dorsal carpellary 
vein and at least one stamineal trace or 
vein. This matter will be discussed in 
a later paper. 

Each inner narrow stamen generally 
has the median vein and four laterals 
arising from it, whereas an outer stamen 
may have up to nine veins in the lower 
portion. The intermediate stamens have 
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intermediate conditions. Alllateral veins 
may not arise at quite the same level from 
the median vein, and one on each side fre- 
quently arises secondarily from one of the 
laterals. 

Fine branching of the median and 
lateral veins is relatively infrequent in the 
sterile base of a stamen (Figs. 20, 21), 
but a coarse reticulum exists in the fertile 
portion. ‘One pair of laterals — one vein 
from each side of the median vein — fuse 
in the center (Figs. 20, 21) just below 
the proximal ends of the microsporangia, 
to slightly higher, and adaxial to the 
median major vein. This vein remains 
adaxial to the median vein ( Figs. 20A, B ). 
The major median vein, the smaller 
auxiliary one adaxial to it, and at least 
two principal latcrals extend into the 
sterile distal appendage. In the smaller 
innermost stamens, all veins, except the 
median abaxial ones, frequently terminate 
proximal to the distal appendages. 

The veins and traces are collateral. The 
auxiliary, median vein is inverted. No 
veins nor their smaller branches are di- 
rected toward the microsporangia, nor are 
any veins continuous with the endothe- 
cium. The endothecium is of the common 
type and is located in the exposed, ad- 
axial walls of the anther-sacs. It also 
flares out slightly into the surrounding 
sterile tissue ( Figs. 20A, B ). 

Few differences were found in the 
stamens of the two species. In V. amazo- 
nica the outer stamens are subulate and 
grade over centrifugally into lanceolate 
to linear ones. In V. cruziana all the 
stamens and staminodia are essentially 
subulate. The sterile distal appendages 
vary from 1/7 to 1/4 the length of the 
stamens and tend to be cuspidate on outer 
stamens in V. amazonica. In V. cruziana 
the appendages are proportionally shorter 
( 1/6 to 1/5 of the length ) and are generally 
acute. The microsporangia tend to be 
more deeply embedded in V. amazonica 
than in V. cruziana. In the latter, the 
lateral veins to a stamen generally arise 
from the single vascular supply within the 
ovary wall, just below the attachment of 
the stamen, or frequently arise inde- 
pendently of the median vein. In I. 
amazonica the basal ramification occurs 
typically within the stamen (Fig. 21) 
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and the laterals rarely originate indepen- 
dently of the single median supply. 

Barclaya — There are many epipetalous 
Stamens attached to the corolla tube in a 
shallow spiral. The stamen resembles the 
conventional type with moderate dif- 
ferentiation into a filament and an anther 
( Fig. 23). The filament is short, clearly 
differentiated, and oval in transverse 
section. It is recurved inwardly through 
nearly 180° so that the adaxial surface of 
the anther faces outwardly, opposite to 
the adaxial surface of the corolla tube. 
The anther is basifixed, dorsiventrally 
flattened, and oblong. There are small 
staminodia which are similar to the 
stamens in shape, but less flattened. Be- 
tween stamens and staminodia there is 
usually a single intermediate swollen 
stamen. Between the staminodia and the 
petals there are no intermediate forms. 
The transition is abrupt. The stamens 
have insignificant, sterile, obtuse distal 
appendages (Fig. 23), each of which is 
hardly 1/20 of the entire length of a sta- 
men. The apices of the staminodia are 
generally acute. 

The vertical microsporangia are in pairs, 
one pair to each side of the anther. They 
are essentially lateral ( Fig. 23B ) except 
proximally where they may be sub-lateral 
(Fig. 23A ). The stamens are 2-loculate 
when dehiscence occurs, since the ad- 
joining walls of each microsporangial pair 
separate. Dehiscence is longitudinal and 
latrorse to extrorse. The microsporangia 
are protuberant and form the margins of 
the anthers ( Figs. 23A, B). 

Each stamen receives a single trace 
which remains an unbranched vein to the 
apex. The vein in the stamen is reduced, 
has poorly differentiated phloem, and is 
often reduced to a single tracheid. The 
trace and the vein compose a collateral 


vascular bundle, at least where phloem is 
clearly differentiated. Each trace arises 
as a short branch from a large bundle in 
the corolla tube; the latter bundle 
probably represents the fusion product of 
the stamen and petal bundles. The com- 
mon bundles to the stamens and petals 
arise in turn from vascular bundles in the 
outer wall of the ovary. The latter 
bundles represent the dorsal ovary supply 
fused with the stamen and petal bundles, 
as in other genera. The supply to the 
staminodia is similar. In the stamen the 
single vein terminates in the short sterile 
appendage; in the staminodium it termi- 
nates also in the apex. There is no indi- 
cation in the vascular structure of the 
anther of a diplophyllic ancestry. 

The microsporangia lie lateral and ad- 
axial to the median, single vein and no 
contact is made between the vein and the 
endothecium or any part of the micro- 
sporangia. The endothecium is typical 
with fibrous bands and lies in the lateral, 
exposed walls of the anther-sacs ( Figs. 
23A, B). The endothecia flare out into 
the sterile tissue and the endothecium of 
one anther-sac may be continuous with 
that of the other anther-sac. 

Euryale — The stamens are numerous 
and epigynous. Standing above the 
gynoecium, on its distal outer margin, is 
a broad rim of tissue supporting the free 
parts of the petals on its outer surface, 
and the stamens and staminodia on its 
crown and inner surface. In the unopened 
flower, the stamens arch over the stig- 
matic disc with their adaxial surfaces 
convex. With anthesis, apparently no 
striking changes occur. Under cultivation 
in Goleta, California, pollination was 
cleistogamous beneath the water’s surface, 
the flowers opened only slightly following 
pollination, and they did not grow above 
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Fies. 20-24 — Stamens of Victoria, Barclaya, and Euryale. 


Drawings of entire stamens as 


seen adaxially from cleared material to show vascular supplies within, and immediately proximal 


to, the stamens. 
thecia indicated by darkened areas. 


Figs. 20A-A & 20B-B. Transverse sections of same, as indicated. X 12. 
Fig. 22. Euryale ferox, entire outer stamen. x 8. 
Fig. 23. Barclaya mottleyi, entire stamen. 


entire outer stamen. x 5. 
verse section of same, as indicated. x 14. 


Figs. 23A-A & 23B-B. Transverse sections of same, as indicated. x 23. 


entire inner stamen. x 9. 


Drawings of transverse aspects from serial sections; regions containing endo- 
Fig. 20. Victoria amazonica, entire inner stamen. 


De 
Fig. 21. V. amazonica, 
Fig. 22A-A. Trans- 
“PA 
Fig. 24. Euryale ferox, 
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the surface of the water. All but the 
inner stamens are not conventional, but 
are dorsiventrally flattened as in other 
genera. They are spatulate (Fig. 22), 
have deltoid bases, and have their greatest 
constrictions just below the microspor- 
angia. The apices are rounded to trun- 
cate and no definite distal sterile ap- 
pendages are present except in the outer- 
most stamens where the microsporangia 
are reduced. 

As one passes centrifugally from stamens 
to petals, the microsporangia become re- 
duced basipetally and the outermost tran- 
sitional stamens have small microspor- 
angia only near the bases of their ex- 
panded oval portions. The transition 
from stamens to petals occurs with a small 
number of appendages; but, a very few, 
weakly spatulate staminodia intervene 
between the outer fertile but reduced 
stamens and unquestionable petals. The 
inner petals are lorate to faintly spatulate, 
the outer obovate. 

The inner stamens are shorter, with 
narrowed to very slender but flattened 
filaments which have deltoid bases ( Fig. 
24). The anthers are not spatulate but 
more or less oblong with the distal portions 
often narrower than the bases. Each 
anther is dorsiventrally flattened or has 
slightly sloping faces from a median ridge. 

The microsporangia are in pairs, one 
pair to each side of the median vein. 
They are entirely adaxial. The stamens 
are four-loculate previous to dehiscence 
but two-loculate during anthesis. De- 
hiscence is longitudinal and introrse. The 
microsporangia of the outer stamens are 
embedded for about 1/2 their depth in the 
adaxial sterile tissues and the margins of 
the fertile parts of these stamens are 
formed by sterile tissue ( Fig. 22A ). The 
inner stamens have greatly reduced sterile 
tissue, hence proportionally larger micro- 
sporangia which form the margins of the 
flattened to adaxially sloping anthers. 

Each of the stamens, except the inner- 
most and smallest ones, has a median 
and two lateral veins (Fig. 22). The epi- 
gynous rim of tissue bearing the stamens 
and petals contains an outer reticulum 
of large vascular bundles, which arise from 
the network of intricately fused carpellary 
dorsal, stamen, and petal vascular bundles 
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in the wall of the gynoecium, and which 
supply the petals and median veins of the 


stamens. The epigynous rim also contains 


an inner reticulum of smaller bundles 


which gives rise to the lateral veins of the 
stamens. In the very base of some sta- 
mens or just below some stamens in the 
epigynous rim of tissue, small vascular 
bundles link the median and lateral veins 
or traces. Each small, inner stamen re- 
ceives but one trace which becomes the 
median vein. No laterals occur. 

The three veins, found in the majority 
of the stamens, pass abaxially to the micro- 
sporangia and the median vein terminates 
at a level with the distal borders of the 
microsporangia or slightly beyond in the 
sterile margin. The laterals terminate at 
variable levels. Branching of the veins is 
not abundant, but reticulation is present. 
No veins contact or are directed toward 
the microsporangia or endothecium. The 
trace and veins are collateral. No indi- 
cation of a diplophyllic nature is reflected 
in the vascular structure. 

The endothecium is of rather large cells 
of the ordinary type with fibrous bands. 
The endothecium occurs in the adaxial, 
exposed walls of the anther-sacs ( Fig. 
22A ) and is often continuous across the 
central region adaxially to the median 
vein. 


Discussion 


EVOLUTION OF THE STAMENS IN NYM- 
PHAEACEAE — Regardless of whether the 
three-veined, dorsiventrally flattened 
stamen with microsporangia remote from 
the margin and embedded in the adaxial 
or abaxial surface is primitive or not in 
the angiosperms, it seems to be the pri- 
mitive type in certain woody Ranales, 
some of which are vesselless ( Bailey, Nast 
& Smith, 1943; Bailey & Smith, 1942; 
Bailey & Swamy, 1948; Canright, 1952; 
Swamy & Bailey, 1950), and in Nym- 
phaeaceae. The sound evidence which in- 
dicates that Ranales are primitive ( Bailey, 
1944a, 1944b, 1953; Bailey & Nast, 1945b; 
Bailey, Nast & Smith, 1943; Bailey & 
Smith, 1942; Bailey & Swamy, 1948, 1949; 
Bailey & Tupper, 1918; Canright, 1955; 
Simpson, 1937; Swamy, 1949; Swamy & 
Bailey, 1950; Thompson, 1918; Thompson 
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& Bailey, 1916 ) supports the view that the 
flattened stamen is a primitive type. In 
Nymphaeaceae conventional stamens exist 
in Cabomba and Brasenia ( Figs. 8-10 ) and 
it is thought that these represent the ad- 
vanced condition of the stamens for this 
family although other floral characters are 
primitive. It is well understood, of course, 
that organs of a plant do not all evolve at 
the same rate. The association of ad- 
vanced and primitive characters in a sub- 
family is of little relative importance in 
Nymphaeaceae ( sensu lato ) since the sub- 
families very likely should be given familial 
status. 

The writer contends that the most pri- 
mitive stamens of the family occur in 
Nymphaea (Figs. 1, 6, 25J), Victoria 
(Fig. 21) and Nuphar (Figs. 11, 13). 
In Victoria and in most species of Nym- 
phaea and Nuphar, it is thought that the 
most primitive condition is found among 
the central stamens, that is, neither the 
innermost centripetal nor the outermost 
centrifugal ones. The features of such 
stamens closely resemble those found in 
Degeneriaceae, Winteraceae, Magnolia- 
ceae, and certain other woody ranalian 
families. They are lorate, lanceolate, or 
oblong, and have three principal veins 
which are branches of a single trace. 
Each has a prominent, sterile, acute to 
obtuse, distal appendage typically in which 
the median vein and often the two prin- 
cipal lateral veins terminate. In each, 
the microsporangia are extraordinarily 
long and slender, lie in pairs, one pair to 
each side of and adaxial to the median vein 
(except in Cabomba, where abaxial) and 
partly embedded and wall-less in the sterile 
tissue. The microsporangia are always 
adaxial (or abaxial in Cabomba) to all 
veins, with the exception of those cases 
where a small auxiliary vein lies adaxially 
to the median vein, and in Cabomba 
(Figs. 8-10) where the microsporangia 
are abaxial to the veins. 

The margins of the fertile region may be 
formed by the walls of the anther-sacs, 
but typically they are formed by sterile 
tissue lateral to the embedded micro- 
sporangia. Inno case in the family do the 
veins terminate in or contact a micro- 
sporangium, nor are the veins at any 
point continuous with the endothecium. 
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The writer proposes that from this pri- 
mitive stamineal type in Nymphaeaceae, 
petals, subconventional stamens, and con- 
ventional stamens have evolved. The 
transformation does not take place in the 
ontogeny of a single appendage but the 
centrifugal transformation from stamen 
to stamen in a flower may be observed, 
especially in Victoria, Euryale, and in most 
species of Nymphaea ( Fig. 25F, I, J). 
This progressive variation is interpreted 
as a representation of the evolution in the 
past. The opinion that petals and sta- 
mens are closely related and that the 
former have been derived from the latter 
in many families is widely held (e.g. 
Arber, 1950; Schoute, 1935). In the 
majority of the family, the transforma- 
tion has been wrought by a broadening of 
lorate or oblong stamens to lanceolate or 
oblanceolate petals or to elliptical or ovate 
petals (Fig. 25F,I, J). As the increase in 
width occurred, the microsporangia were 
gradually reduced in length; usually, the 
distal portions disappeared last in time. 
In certain species, as Nymphaea heudelotit, 
the basipetal portions of the pollen- 
sacs disappeared last ( Figs. 1, 2, 4, 25A, 
HJ» : 

In Nelumbo, Nuphar, Brasema, and 
Cabomba there is no gradual transition 
from stamens to petals. There is little 
doubt, however, that the petals have been 
derived from stamens. The three-veined 
condition is common, but the veins arise 
from a common trace as in the stamens. 
Victoria and Barclaya are similar, but the 
sterilization of outer stamens has produc- 
ed staminodia, considerably different from 
the petals, which obscure the phylogeny. 

The conventional angiospermous stamen 
in Nymphaeaceae evolved from the lorate, 
lanceolate or oblong type described for 
Nymphaea, Nuphar, and Victoria by 
(1) the constriction of the sterile proximal 
portion to form first a narrow lorate struc- 
ture and finally a cylindrical filament; 
(2) the reduction of sterile tissue lateral 
and abaxial ( adaxial in Cabomba ) to the 
microsporangia and the restriction of the 
anther-sac wall and its endothecium to a 
microsporangial pair; (3) the rotation of 
the microsporangia from the laminar posi- 
tion with typically introrse dehiscence to 
the conventionally lateral or marginal 
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position with variable dehiscence; (4) re- 


_ duction of the number of veins from three 


to one (Fig. 25). As the basal portion 


_ of the stamen narrowed, the lateral veins 


were reduced basipetally (Figs. 18, 19, 
25). The apical sections of the two 
principal lateral veins, from just proximal 
to the microsporangia, may have been 
retained in many cases and become, 
secondarily, branches of the median vein 
( Figs. 18, 19). The reduction of sterile 
tissue in the fertile portion resulted in the 
loss of included veins lateral to the micro- 
sporangia, and an increase in relative size 
of the microsporangia. The reduction of 
sterile tissue, rotation, and greater pro- 
tuberance of the microsporangia resulted 
in the restriction of the endothecium to 
the immediate vicinity of the microsporan- 
gia, an increased demarcation of an anther- 
sac wall, and the formation of the anther 
margin by the anther-sac wall. 

All four phases of the evolution have 
occurred in Brasenia and Cabomba ( Figs. 
8-10, 14, 25K, L). Here stamens exist 
which are essentially conventional. In 
Cabomba caroliniana, however, the mi- 
crosporangia are found on the abaxial 
surface. 

In Nymphaea the most advanced stamen 
observed was found in N. gigantea ( Figs. 
5, 25D). Of the four evolutionary pro- 
cesses described, only two have produced 
any pronounced effect: the base has been 
narrowed and the veins reduced to one; 
partial rotation of the microsporangia has 
occurred, but the typical lateral position 
has not been attained. The pollen-sacs 
do not yet form the lateral margins of the 
stamens, nor are the microsporangia parti- 
cularly protuberant. 

In the majority of the species of 
Nymphaea and in Victoria ( Figs. 18, 19, 
25B, C), the inner stamens also appear 
superficially similar to conventional types. 
The evolution has been incomplete how- 


ever. The sterile base is dorsiventrally 
flattened although it has been constricted 
somewhat and the veins reduced to the 
median one. The broad fertile portion is 
also dorsiventrally flattened and rather 
thick with only partially protuberant 
microsporangia. Little or no rotation of 
the microsporangia has occurred. 

In Nuphar little modification has 
occurred ( Figs. 11, 13). The inner sta- 
mens have become narrowed slightly, the 
proximal portions more than the fertile 
portions. In Euryale, most of the stamens 
are but little changed: the proximal 
portions have been narrowed and the 
distal portions rounded to form peculiar 
spatulate stamens (Fig. 22). Among 
the innermost stamens, constriction of the 
base, very slight rotation of the micro- 
sporangia, and reduction of veins to one 
has occurred. 

In Barclaya, the stamen bears a super- 
ficial resemblance to a conventional one. 
There is a differentiated filament, oval in 
transverse section, and a broad anther 
( Figs. 23, 25E ). The microsporangia are 
truly lateral, except proximally where sub- 
lateral. Lateral sterile tissue of the anther 
has been reduced; the microsporangia are 
protuberant and they form the margins of 
the anther. The broad flattened shape of 
the anther has been retained however. 

In Nelumbo a fairly typical stamen has 
evolved. There is (Figs. 15, 25M) a 
cylindrical, constricted filament and sterile 
tissue of the fertile region has been re- 
duced. The margins of the fertile portion 
are formed by the anther-sacs. The 
microsporangia have not assumed a 
fully lateral position. Furthermore, as 
the basal region of the stamen became 
constricted, the number of veins were not 
reduced but formed into a ring of bundles 
around the median vein ( Figs. 15B, C, 
D ) and the laterals are apparently “ now ” 
being reduced in number. 
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Fic. 25 — Diagrams to illustrate the evolution of stamens and petals in Nymphaeaceae. 


Refer to discussion. 
Petal of Nymphaea heudelotti. 
E. Stamen of Barclaya mottleyi. r 
N. odorata. H. Outer stamen of N. heudelotit. 
K. Stamen of Cabomba aquatica. 


L. Stamen of Brasenia schreberi. 


Primitive stamen is seen in J, a central stamen of Nymphaea odorata. A. 
B & C. Inner stamens of N. odorata. 
F. Outer stamen of Nymphaea odorata. G. 
I. Outer stamen and J. central stamen of N. odorata. 


D. Stamen of N. gigantea. 
Inner stamen of 


M. Stamen of Nelumbo nucifera. 
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In one basic respect the stamens of 
many Nymphaeaceae differ from similar 
ones in woody Ranales, e.g. Degeneriaceae 
( Bailey & Smith, 1942 ), Himantandraceae 
(Bailey, Nast & Smith, 1943), Mag- 
noliaceae (Canright, 1952). In these 
latter taxa, the primitive microsporo- 
phylls have three principal veins as in 
Nymphaeaceae, but the veins are typically 
related to three traces and a trilacunar 
node. 

The 2-trace, unilacunar nodal type 
found in the vegetative shoot of several 
Ranales may be as primitive or more pri- 
mitive ( Bailey, 1956) than the 3-trace, 
trilacunar type (Eames, 1931; Sinnott, 
1914; Sinnott & Bailey, 1914). The 3- 
trace, trilacunar condition may have been 
derived from the 2-trace, unilacunar node 
by the fusion of the two traces and their 
vein extensions to varying degrees, and 
the addition of two lateral traces, prob- 
ably originally as branches of the median 
double-trace ( Bailey, 1956). Apparent- 
ly the 3-veined,’ trilacunar form of floral 
appendage is primitive for nearly all 
angiosperms as stated by Eames ( 1931 ) 
but the condition, nevertheless, may have 
been derived originally from a 2-trace, 
unilacunar nodal condition as in leaves. 
Present evidence of a double-trace, uni- 
lacunar supply to stamens among Ranales 
is far less common than in the vegetative 
shoot but has been reported for Austro- 
baileya (Bailey & Swamy, 1949) and 
Sarcandra (Swamy & Bailey, 1950). 
Evidence indicates the derivation of the 
1-trace, unilacunar condition of conven- 
tional stamens in many species has fre- 
quently been by a secondary suppression 
of the lateral veins ( Bailey, 1956; Can- 
rent 1952), 

In Nymphaeaceae, the reduction of 
lateral veins has been, and is, a prominent 
feature, and has accompanied the other 
evolutionary changes. When three or 
more veins exist, but a single trace occurs 
in many cases. Fusion of the lateral 
bundles to the median bundle occurs in 
the base or just below the base of the 
stamen. It may be, although it seems 
unlikely, that the lateral traces and vein 
extensions represent branches of the 
median supply and that the reduction of 
the laterals was initiated before they 
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became separated with gaps independent 
from the median supply. In Nymphaea, 
Victoria and Nelumbo, however, lateral 
traces to a stamen occasionally have a 
separate source than the median trace, or 
traces from the vascular network of the 
ovary wall contribute to the lateral traces 
of a stamen derived principally from the 
median trace. In Euryale, the lateral 
traces to stamens typically arise separate- 
ly from the stelar network. These dif- 
ferences would indicate that a 3-trace, 
trilacunar condition for stamens in the 
family may have existed in the past, and 
that secondary fusion of the median and 
lateral traces has occurred, perhaps re- 
cently. 

Meagre indications of a possible former 
2-trace, unilacunar median vascular sup- 
ply were observed in Cabomba. In this 
genus, as described above, the single trace 
to the stamen frequently divided for a 
short distance into two. Perhaps, the 
entire evolutionary sequence beginning 
with a 2-trace, unilacunar condition as 
described by Bailey ( 1956) has occurred 
in the flowers of Nymphaeaceae. The 
lack of further evidence for the ancient 
condition is probably due to the extra- 
ordinary congestion of the receptacular 
stele and the fusion of the vascular sup- 
plies to the floral organs throughout the 
family. Fitch ( 1851 ), in his illustrations, 
implies the presence of a double median 
vein in the stamens and staminodia of 
Victoria amazonica ( V. regia Lindl.). No 
such conditions were found by the writer 
in his examinations. 

Regarding the sterile, distal appendage 
of stamens, Parkin ( 1951 ) considers it an 
ancestral feature, a vestige of the distal, 
sterile pinnule of a cycadeoid microsporo- 
phyll. Canright ( 1952 ), however, doubts 
the evolutionary significance of this 
feature. The occurrence and extent of 
the appendage in Nymphaeaceae is very 
variable. The length and prominence of 
the appendage vary from great pro- 
minence (up to 4 the total length of the 
stamen ) to complete or nearly complete 
absence among genera, among species of 
Nymphaea, and even among stamens of an 
individual of certain genera as Nymphaea. 
In Nuphar, with syncarpy, the distal ap- 
pendage is inconspicuous to absent. In 
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Brasenia and Cabomba, with the most pri- 
mitive flowers but advanced stamens, and 
Euryale with syncarpy and epigyny but 
primitive stamens, the appendage is ab- 
sent or hardly distinguishable. The sta- 
mineal appendage is generally prominent 
in the other three genera with syncarpous 
gynoecia. It seems doubtful, in view of 
the variability and lack of correlation with 
other primitive features, that any clear 
phyletic significance can be attached to 
the occurrence of the distal appendage 


| in Nymphaeaceae. 


There is insufficient evidence presented 
by the stamens of the family to approve 


_ or disapprove the hypothesis that stamens 
are peltate in nature ( Baum, 1949, 1950; 


_ Leinfellner, 1956a, 1956b ). 


So far as the 
writer can determine, there are four prin- 
cipal characters which are evidences for 
the hypothesis: crescentic shape of pri- 
mordia, the shield shape of developing 
stamens, the inversion of some of the 
vascular bundles in the anther, and the 
presence of an amphicribral bundle in the 
filament. 

Leinfellner (1956a) has reported the 
inversion of the auxiliary, adaxial median 
vein in the stamen of Nymphaea stellata. 
Such an inverted vein probably occurs in 
the stamens of many species of Nymphaea 
and is reported in this paper for all species 
and hybrids investigated. The single in- 
verted vein, however, is a common but 
not constant feature in the stamens of any 
one sample of a species. It also occurs in 
the stamens of Victoria but in no other 
genus of the family. In all cases it is a 
relatively insignificant vein. 

The veins in the stamens of all genera 
do not maintain a constant orientation, 
but rotate or twist throughout their ex- 
tension. When a vein becomes two, one 
of the tissues, xylem or phloem, becomes 
two strands before the other. When 
separation occurs, the two resulting bun- 
dles may be each rotated up to 90° from 
a normal orientation. Similar lack of 
normal orientation occurs when two veins 
become one. The median, adaxial, in- 
verted vein in Victoria and Nymphaea is 
usually formed by the fusion of two lateral 
veins or their branches. The two veins 
which become one in the fertile portion are 
normally oriented before contact, although 
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rotation is frequent. The two veins join 
by their respective phloems in the vicinity 
of the proximal parts of the micro- 
sporangia, and inversion is apparently 
the result of the joined phloem strands re- 
maining on the upper side. The insigni- 
ficance of the auxiliary inverted bundle 
and the very common twisting or rotation 
of the bundles in Nymphaeaceae do not 
lend support to the peltate hypothesis. 

At present, the writer cannot comment 
on the shape of the very young stamens in 
Nymphaeaceae, except for Cabomba. The 
young stamens of this genus are certainly 
not peltate, nor particularly shield-shaped. 
The writer thinks that the shape of a 
stamineal primordium is partly the result 
of its ontogeny and is determined by its 
position on the receptacle. Whether a 
concentric strand of vascular tissue in a 
filament is an amphicribral bundle or a 
small stele is difficult to ascertain. In all 
samples of Nymphaeaceae examined the 
bundles in the proximal sterile parts of 
the stamens were collateral and this is, 
perhaps, a primitive feature which does 
not favor the peltate hypothesis. 

It is interesting to note that Eames 
(1957) considers that the stamen, as the 
carpel, may be a folded structure. The 
change of the microsporangia from a 
laminar to a lateral position, a process 
herein called rotation, may be the principal 
aspect of the folding. Vascular and other 
histological evidences of  diplophylly 
described by Baum ( 1949, 1950), Lein- 
fellner ( 1956a, 1956b ), and others, there- 
fore, may be the result of folding of dorsi- 
ventrally flattened stamens rather than 
peltation. 

Certain features of the stamens of 
Nymphaeaceae lend some support to 
Eames’ ( 1957 ) suggestion that the micro- 
sporangia were originally embedded and 
wall-less and the anther-sac wall represents 
the reduced blade. In primitive stamineal 
types of this family the microsporangia 
are embedded and have no definite wails. 
The endothecium is a structure of the 
anther-sacs of such a stamen rather than 
of the individual microsporangia, and it 
flares out into sterile tissue lateral to the 
paired microsporangia. It is only with 
the protuberance of the individual loculi, 
their change from a laminar to sub-lateral 
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or lateral positions, and the reduction of 
the sterile margins that the microsporangia 
have acquired definite walls and endo- 
thecia restricted to these walls. 

THE FAMILIAL STATUS OF NYMPHAEA- 
CEAE — There is general dissatisfaction 
with the concept of Nymphaeaceae as a 
natural family. Three sub-families, as 
recognized by Caspary ( 1891 ), are widely 
accepted; but Hutchinson (1926) re- 
cognized two families and Bessey ( 1915 ), 
Small (1933), and Pulle (1952) recog- 
nized three families. Recently Li ( 1955 ) 
has proposed five families: Cabombaceae 
(Cabomba, Brasenia); Nymphaeaceae 
(Nymphaea, Nuphar); Nelumbonaceae 
( Nelumbo); Euryalaceae (Euryale, Vic- 
toria), and Barclayaceae ( Barclaya). Li 
has also created the orders Nelumbonales, 
for Nelumbonaceae, and Euryalales, for 
Euryalaceae and Barclayaceae. Leon- 
hardt (1951) considers that the Cabom- 
boideae should be raised to familial 
status. 

Decisions of this nature should be made 
only when all obtainable data have been 
assembled. The writer prefers to defer, 
for the present, strong support for any 
particular concept of the “ family”. It 
seems likely that at least three families 
are justified, but quite doubtful that suffi- 
cient evidence is yet available for the 
creation of new orders. 

PHYLETIC IMPLICATIONS — Because. of 
the manifold primitive features of the 
vesselless dicotyledons (see review by 
Canright, 1952) and of other Ranales, 
many consider the order as the most pri- 
mitive of angiosperms ( Arber & Parkin, 
1907; Bailey, 1953; Benson, 1957; Bessey, 
1915; Canright, 1952; Copeland, 1957; 
Cronquist, 1957; Gundersen, 1950; Hallier, 
1912; Hutchinson, 1926, 1948; Lawrence, 
1951; Lemesle & Duchaigne, 1955; Walton, 
1953). Fossil evidence supports the as- 
sumption to aslight degree. Although the 
amentiferous taxa, considered primitive 
by many authors (e.g. Engler, 1897; 
Engler & Diels, 1936; Hjelmqvist, 1948; 
Janchen, 1950; Wettstein, 1935), occur 
with Ranales as far back as the Lower 
Cretaceous ( Arnold, 1947; Darrah, 1939; 
Walton, 1953), there is quite certain 
evidence that Nymphaeaceae ( Simp- 
son, 1937) and uncertain evidence that 


Winteraceae ( Hsü, 1950; Sahni, 1932 ) 
existed in Jurassic time. 
Abundant evidence from xylary studies 


—relatively unbiased evidence (Bailey, 


[ July 


1944a, 1951, 1953 ) founded upon the basic © 


researches of Bailey & Tupper (1918) 
and Frost (1930a, 1930b, 1931 ) — sup- 
port the claims of primitiveness for rana- 
lian taxa and preclude the claims of pri- 
mitiveness for amentiferous taxa ( Bailey, 
1944b; Bailey & Nast, 1945b; Bailey, Nast 
& Smith, 1943; Bailey & Smith, 1942; 
Bailey & Swamy, 1948, 1949; Canright, 
1955; Hall, 1952; Heimsch & Wetmore, 
1939; Moseley, 1948; Moseley & Beeks, 
1955; Sahni, 1935; Swamy, 1949; Swamy 
& Bailey, 1950; Thompson, 1918; Thomp- 
son & Bailey, 1916; Tippo, 1938). Similar 
evidence is available from studies of the 
phloem, of floral anatomy, of embryology, 
and of pollen morphology (e.g. Abbe, 
1935; Bailey & Nast, 1943b; Bailey & 
Swamy, 1949; Bechtel, 1921; Berridge, 
1914; Erdtmann, 1952; Esau, Cheadle & 
Gifford, 1953; Fisher, 1928; Huber, 1939; 
Langdon, 1939; Maheshwari, 1950; Man- 
ning, 1948; Money, Bailey & Swamy, 
1950). The view that Ranales are pri- 
mitive attests to the concept that flat, 
broad stamens, with laminar, embedded 
microsporangia remote from the margin 
and the vascular supply are primitive 
types. The occurrence of such stamens 
among Ranales seriously questions the 
direct derivation of stamens from the 
reduction and fusion of fertile telomic 
structures ( Bertrand, 1947; Lam, 1952; 
Thomas, 1932; Wilson, 1937, 1942; Wilson 
& Just, 1939; Zimmerman, 1938). Simi- 
larly required is a reconsideration of the 
classical concepts (e.g. Goethe, 1790; 
Bessey, 1915; Arber & Parkin, 1907 ). 
The telomic interpretation for the origin 
of floral organs has been very popular in 
recent years. This writer has no quarrel 
with the telome concept, except for its ap- 
plication to the interpretation of the 
organs of advanced pteropsid taxa. In 
the ancient psilopsids, the sporangium 
was primitively terminal on dichotomously 
branched axes; and in certain genera, the 
vascular supply terminated either im- 
mediately below a sporangium or within 
a central columella clearly within the 
limits of the sporangium. It is logical to 
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assume, if one derives the angiosperms 
from psilopsids ( Bertrand, 1947 ), accord- 
ing to a telomic concept, that terminal 
sporangia at which veins terminate would 
be primitive. In Nymphaeaceae there 
can be little question that the micro- 
sporangia are primitively laminar. The 
lack of vascular supply to microsporangia 
or endothecium, and the continuation of 
the median and principal lateral veins 
distally to the microsporangia, indicate 
that a former terminal position of the micro- 
sporangia is very unlikely. Similarly, the 
frequent occurrence of veins lateral to the 
microsporangia, although somewhat ab- 
axial to them, indicates that the micro- 
sporangia have not been lateral in earlier 
evolutionary stages. Laminar or sub- 
lateral microsporangia in numerous species 
also indicate that the truly lateral position 
is a derived state in Nymphaeaceae. 

If floral organs have had a telomic 
ancestry, and even this is now justifiably 
questioned ( Bailey & Nast, 1945a; Bailey 
& Swamy, 1951; Canright, 1952; Mason, 
1957 ), they have had a long evolution and 
many intermediate stages have occurred 
between modern fioral appendages and 
telomic trusses. It is speculative, to be 
sure, to conceive of the angiosperms as 
derivatives of an ancient, intermediate, 
permian or triassic gymnospermous taxon 
with phyllomes intermediate between 
fertile telomic trusses and modern angio- 
spermous sporangial organs. Such a con- 
cept is far less speculative than one which 
derives the angiosperms directly from 
psilopsids ( Bertrand, 1947 ). 

Although there may be cause to doubt 
the telome theory as applied to angio- 
sperms, this does not require one to return 
credulously to a classical concept, espe- 
cially the superficial interpretation of 
Goethe’s views that floral organs have been 
derived from leaves. Similarities between 
the carpel and foliage leaf are to be ex- 
pected, since they are both dorsiventrally 
flattened organs. The similarities do not 
necessarily imply that carpels, and also 
stamens, have been derived from fertile 
foliage leaves nor that the foliage leaf and 
sporophyll in proangiosperms were identi- 
cal as they now are in extant ferns. Many 
have thought that this view was that of 
Goethe (1790). Goethe clearly stated 
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that each organ of the plant evolved from 
a prototype, not one type of organ from 
another. When he wrote of the carpel as 
the most perfect leaf or the stamen as a 
contracted leaf, the leaf to which he re- 
ferred was the prototype, not a modern, 
angiospermous leaf as we know it ( Arber, 
1937, 1950; Engard, 1952; Mason, 1957 ). 

It is the prototype of the stamen and 
carpel which is in question. Goethe, 
knowing little of lower vascular plants, 
conceived of a simple flattened, possibly 
lobed, cotyledonoid prototype. The elabo- 
rate interpretation of Arber & Parkin 
(1907) greatly enhanced Goethe’s idea. 
Many modern advocates of a modified 
classical concept conceive of the evolution 
of conventional floral reproductive or- 
gans from dorsiventrally flattened, fer- 
tile structures with elongate, embedded, 
laminar microsporangia or with laminar 
ovules, and with three vascular bundles 
which originate in a trilacunar node. 
The median bundle may be the phy- 
letic product of two fused bundles aris- 
ing from a single lacuna but having 
separate stelar origins. There seems to 
be sufficient evidence that this certainly 
has been one method of the origin of 
floral reproductive organs. 

It is imprudent and pretentious to - 
accredit any particular gymnospermous 
taxon as the ancestor of the Angiospermae. 
The mystery is still as enigmatic as in 
Darwin’s time. It has been pointed out 
(Canright, 1952) that certain William- 
soniaceae bore microsporophylls which 
resembled the broad flattened stamens 
found in so many extant Ranales. 
Williamsoniella bore in bisexual strobili 
(Thomas, 1915) separate, broad, dorsi- 
ventrally flattened microsporophylls, with 
arow of embedded microsporangia on 
each side of a median ridge. This micro- 
sporophyll, however, represented a com- 
pacted and reduced cycadeoid type in 
which the microsporangia were still borne 
by reduced pinnae (Harris, 1944) ob- 
scured by their small size and fossilization. 
Williamsonia had similar male sporophylls 
which were connate at their bases ( Harris, 
1941). It is possible to imagine further 
reduction of these types to form micro- 
sporophylls net unlike lanceolate, elliptic, 
and oblong microsporophylls found in 
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many Ranales. There seems to be, how- 
ever, no indication of a primitive pinnate 
nature to stamens and carpels ( Eames, 
1931; Bailey, 1956). Microsporangial 
structures of the Medullosaceae were 
described by Halle (1933). In at least 
one instance, Whittleseya, there may have 
been broad, flattened microsporophylls 
with embedded microsporangia. Whitt- 
leseya, considered a cylindrical and hollow 
structure by Halle ( 1933 ), may have been 
flattened, with two tiers of elongate micro- 
sporangia (Schopf, 1948 ). 

These genera call attention to the fact 
that microsporophylls of the flattened 
type found in the ranalian Winteraceae, 
Magnoliaceae, Nymphaeaceae, and other 
families did exist incipiently in ancient 
gymnosperms and that they may have 
evolved more than once. Such evidence 
is tenuous and does not link the angio- 
sperms to any particular taxon; but it 
does justify considering the ranalian 
flattened stamens, with embedded laminar 
microsporangia which are remote from 
the margins and vascular tissue, as primi- 
tive ones. Certainly, recent research of 
Ranales requires reconsideration of both 
telomic and classical theories. 


Summary 


The stamens of all eight genera of 
Nymphaeaceae ( sensu lato) are described 
in detail. The primitive type for the 
family occurs among the central stamens of 
the flowers of Nymphaea, Victoria, and 
Nuphar. It is dorsiventrally flattened 
and varies from lorate to oblong in shape. 
It has a median and two principal lateral 
veins arising typically from a single 
vascular trace. It has a sterile distal ap- 
pendage in which the principal veins ter- 
minate. The paired microsporangia are 
very long and lie embedded in the adaxial 
surface. Sterile tissue, often with lateral 
veins, forms the margins of this type 
lateral to the microsporangia. The micro- 
sporangia and endothecia are remote from 
vascular tissue. 

Evolution from the primitive type has 
produced both petals and more conven- 
tional stamens. Petals have arisen in 
most cases by a widening of the stamen 
and the loss of fertile tissue, the distal tips 


of the microsporangia disappearing last in 
time. Conventional stamens in Brasenia, 
Cabomba, and Nelumbo arose from the pri- 
mitive type by: a constriction of the 
proximal portion, the reduction of sterile 
tissue adjacent to the microsporangia and 
the restriction of the anther-sac walls and 
endothecia to microsporangial pairs, rota- 
tion of the microsporangia from the 
laminar to the lateral position, and the re- 
duction of the veins to one. Where only 
part of these evolutionary processes oc- 
curred, sub-conventional stamens were 


produced as described for Victoria, Eu-: 


ryale, Nymphaea, Barclaya, and Nuphar. 

There are indications in Victoria and 
Nymphaea that the three principal veins 
were formerly related to three independent 
lacunae and indications in Cabomba that 
the median trace and vein may formerly 
have been double. The relation of all 
floral vascular traces to lacunae is ob- 
scured by the phyletic fusion of petal, 
stamineal, and carpellary traces and the 
extraordinary condensation of the recep- 
tacular stele. 

The great variation in the lengths of the 
stamineal appendages and the complete 
lack of correlations between their presence 
and other primitive floral features do not 
clarify the import of the appendage in 
stamineal evolution. The validity of the 
peltation hypothesis for the nature of 
stamens is not clarified by nymphaeaceous 
stamens. Nymphaeaceae are probably 
not a natural family. All obtainable evi- 
dence bearing on this problem has not been 
assembled and the writer is reluctant to 
support any particular concept of the 
family. 

Since Nymphaeaceae are very primitive 
angiosperms, it is likely that the primitive 
stamineal type described in this paper re- 
presents a primitive type for angiosperms. 
The similarity of the primitive nymphaea- 
ceous type to the stamens of certain 
vesselless, woody ranalian families is 
obvious. The occurrence of the dorsi- 
ventrally flattened stamineal type describ- 
ed herein in many primitive Ranales 
seriously questions the soundness of the 
telome, theory, as applied to stamens, 
and the early expressions of the classical 
hypothesis as applied to floral appendage 
origin. 
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Introduction 


In all groups of vascular plants, except 
the leafless Psilopsida, the relationship 
between the stem and the leaves which 
it bears stands at the very center of the 
problem of shoot organization. The apical 
meristem of the shoot gives rise to the 
tissues of the stem and also, at regular 
intervals, initiates primordia which, de- 
veloping in a quite different manner, 
form lateral organs which are termed 
leaves. The influence of the developing 
leaf primordium upon the immature 
segment of the stem just behind the apical 
meristem, varying as it does in the several 
groups of vascular plants, seems to hold 
the key to an understanding of the mature 
organization of the stem, in particular, 
to the configuration of the primary 
vascular system. The extent of leaf in- 
fluence upon the stem has been determined 
in a few instances (Wetmore & Wardlaw, 
1951) but the nature of this morpho- 
genetic effect, as well as its general appli- 
cability, remain to be investigated. For 
this reason, several earlier reports dealing 
with the morphology of the bracken fern 
( Pteridium aquilinum ) ( Hofmeister, 1862; 
Smith, 1931; Watt, 1940) may be viewed 
with considerable interest since they sug- 
gest an unusual, if not unique, leaf-stem 
relationship in this plant. It has been 
suggested that the leaves, or fronds, of 
Pteridium are borne primarily, if not 
exclusively, on somewhat arrested lateral 
shoots, leaving the main axis largely or 
entirely leafless. On the other hand, 
there appears to have been no thorough 


morphological analysis of the shoot system 
of bracken which would permit widespread 
acceptance of such a circumstance as a 
truly leafless shoot among the Pteropsida. 
The experimental potentialities of a plant 
which possesses both leafy and _ leafless 
shoots do not need to be emphasized. 
This study, the first part of which is re- 
ported here, is aimed at carrying out a 
detailed morphological and developmental 
analysis of the shoot system of this 
remarkable plant. 

The bracken fern [ Pteridium aquilinum 
(L.) Kuhn.] is one of the most widespread 
and polymorphic species of the vascular 
plants. It is a remarkably successful fern 
and its abundance and vigor in certain 
areas of the world have given it consider- 
able economic significance as a weed. The 
genus Pteridium is monotypic but its single 
species has been sub-divided into two 
sub-species comprising twelve varieties, 
which together have a truly cosmopolitan 
distribution ( Tryon, 1941). The variety 
latiusculum (Desv.) Underw., (Fig. 1), 
with which this study is concerned, occurs 
separately in eastern North America, 
Northern Europe and Eastern Asia, typi- 
cally inhabiting open woods, thickets, 
pastures or open slopes, in moist or dry, 
but ordinarily sterile, soil. The observa- 
tions reported here are based upon col- 
lections made at Upton, New York, and 
at Plymouth, Massachusetts. 


Observations 


THE RHIZOME SysTEM — The rhizome 
system of Pteridium, as it is found in Great 
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Britain, has been extensively described by 
Watt ( 1940 ) as part of an ecological study 
of this fern. His descriptions refer to the 
weedy variety aquilinum which is clearly 
much more vigorous than the variety 
latiusculum in northeastern United States. 
In contrast to the prolific leaf production 
and extensive ramifications of the variety 
aquilinum, the growth of bracken in 
northeastern United States is moderate 
indeed. Even in open fire lanes where it 
grows largely free from competition, its 
development could scarcely be described 
in Watt’s words as an “‘ advancing wave ”. 
The entire dorsiventral rhizome system 
spreads through the soil at depths varying 
with local conditions from three inches to 
two feet below the surface. A dark 
brown, firm sclerenchymatous sheath 
covers the entire rhizome. All shoots are 
liberally invested with black, brittle roots 
which arise in acropetal succession close 
behind the shoot tip. The roots do not 
arise in relation to leaves, as is the case 
in many ferns. Watt has characterized 
bracken as a “travelling geophyte ” 
whose older rhizome portions progressively 
die and decay as growth of younger parts 
continues. Vegetative increase in the 
number of individuals is thus effected 
when decay reaches a fork in the rhizome 
system and each of the separated shoots 
continues its growth independently. The 
individual bracken plant has a consider- 
able linear extent, but it is extremely 
difficult to determine its exact dimensions. 
Pieces of rhizome collected in the present 
study averaged 75 cm, but pieces as long 
as 150 cm were dug intact, and these 
clearly did not constitute entire plants. 
Watt has collected segments of con- 
siderably greater extent than this, but 
similarly does not venture to estimate the 
actual dimensions of individual plants. 
The architecture of the rhizome system 
of P. aquilinum var. latiusculum appears 
to parallel closely that of the British 
variety studied by Watt. In contrast to 
the rhizomes of such ferns as Adiantum 
or Polypodium, in which leaves are pro- 
duced at regular intervals along both 
main and lateral axes, the rhizome system 
of Pteridium is composed of an apparently 
leafless main axis which bears specialized 
lateral axes upon which the leaves are 


produced. The dorsiventral rhizome forms 
a monopodial system in which the lateral 
branches are borne alternately to the 
right and left of the main axis ( Fig. 4), 
although occasional equal or somewhat 
unequal dichotomies do occur at irregular 
intervals. 

The occurrence of two shoot types in 
bracken was appreciated by Hofmeister 
(1862) in his reference to “ terminal 
shoots’ which bear no leaves and 
“delicate forked shoots’? which bear 
fronds. Smith (1931) seems to have 
recognized a similar distinction in his 
description of “ vegetative’ and “ frond- 
bearing ’’ shoots. The recognition of two 
types of shoots forms the basis of Watt’s 
(1940) morphological analysis of the 
bracken rhizome system. This author 
applied the names long shoot and short 
shoot to the two shoot types and, while 
recognizing morphological differences, se- 
parated them largely on the basis of 
quantitative differences in elongation. 
The long shoot, which is the main axis, 
is characterized by rapid growth and 
considerable distances between lateral 
appendages. The short or lateral shoots 
grow relatively slowly and bear typical 
bracken fronds at rather close intervals. 
Watt states that the long shoots do not 
bear leaves and that foliar appendages are 
produced only on the short shoots, yet 
his morphological distinction is subor- 
dinated to a quantitative linear difference 
in extension between the two shoot types. 
Moreover, he terms the distance between 
successive short shoots borne on a long 
shoot “ internodal length ’’, thereby rais- 
ing some doubt as to the true absence of 
leaves on the long shoot. Watt also 
recognizes “‘ intermediate shoots ” which 
are morphologically similar to long shoots 
in lacking leaves but show less extension 
growth. He reports finding complete 
intergradations in “internodal length ” 
between long and short shoots. 

In the present study it has been found 
convenient to retain Watt’s terms long 
shoot and short shoot for the two shoot 
types which are clearly present. An 
attempt has been made, however, to 
redefine these shoots on a qualitative 
morphological basis. In addition it has 
been found necessary to introduce a third 
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Fics. 
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morphological category, the transitional 
shoot, which, although it bears leaves, is 
characterized by extensive growth ap- 
proaching that of the long shoot. 

THE SHORT SHOOT AND LEAVES — The 
short shoot, or leaf-bearing lateral branch, 
may appropriately be considered first 
since its morphological characteristics are 
in keeping with the general plan of the 
shoot of vascular plants. It has the 
appearance of a somewhat arrested lateral 
branch, but does undergo a certain amount 
of internodal elongation ( Fig. 2). Leaves 
are produced one at a time at the shoot 
apex and are borne at relatively long 
intervals ( 0-5 to 2:0 cm ) along the length 
of the shoot. The short shoot gradually 
elongates as leaves are produced so that 
by the time a leaf is fully mature it may 
be displaced 3 or 4 cm from the tip of the 
shoot. As has been pointed out, the 
leaves are alternately arranged, and this 
alternate placement results in a zigzag 
configuration of the stem as if the apex 
were continually being pushed aside by 
the growth of a leaf. A considerable 
number of short shoots are relatively 
inactive and become dormant, or even 
necrotic, after one or two leaves have been 
produced. Others, however, remain 
active for long periods of time and attain 
considerable length. Two additional 
features of the short shoot are worthy of 
note since they will be important in a 
subsequent consideration of branching. 
The first leaf of the short shoot is in- 
variably borne on the adaxial side of the 
short shoot in relatively close proximity 
to the main axis or long shoot. More- 
over, some leaves bear at their bases, on 
the abaxial side relative to the short shoot 
axis, a small dormant bud. This bud has 
been observed by earlier workers and 
variously interpreted ( Hofmeister, 1862; 
Velenovsky, 1905). In the present study 


these buds have not been observed to 
elongate, although Watt (1940) has 
reported their development into lateral 
branches in the variety aquilinum. No 
case of equal dichotomy of a short shoot 
has been found in the present study. 

The tip of the short shoot is blunt, and 
naked except in the immediate region of 
the apical mound, where it is covered with 
a dense mat of yellow-brown, mucilaginous 
hairs. These hairs arise from both sides 
of a shallow depression slightly proximal 
to the short shoot tip, at the base of which 
is the well-protected apical mound, dis- 
placed shghtly toward the dorsal surface 
of the short shoot. In microscopic view 
the mound is small, delicate, and roughly 
circular in outline. Quite commonly asso- 
ciated with it is a single minute leaf pri- 
mordium, distinguishable by its orienta- 
tion and position, and borne laterally to 
the right or left of the apical mound. One 
leaf primordium is produced by each short 
shoot during the growing season, and the 
first leaf formed on a young shoot is, as 
has been noted, always on the adaxial 
side of the shoot ( with respect to the main 
axis ). 

The shoot apices of 90 short shoots, 
collected during the growing season, have 
been microscopically dissected in the 
course of the present study. Dissection 
consists of carefully removing the dense 
mat of overlying hairs with the aid of 
fine forceps and needles. Of the 90 
apices examined, 36 bore a single small 
leaf primordium at the base of the 
apical mound. Leaf primordia were 
distinguished by their orientation and 
sharply tapering tips. Study of leaf 
development indicates that one leaf pri- 
mordium is ordinarily formed during the 
growing season, and this is in accord with 
the observation that more than half of the 
shoots studied did not bear a primordium 
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Fics. 1-4 — Fig. 1. A single frond of Pteridium aquilinum var. latiusculum showing the typical 


tripartite blade. 


Photographed under natural growing conditions in an oak-pine wood. x 4. 


Fig. 2. A short shoot which has produced several leaves, on the youngest of which is an abbre- 
viated shoot vertically displaced on the leaf stipe (arrow). x 1. Fig. 3. A transitional shoot 
bearing two widely spaced leaves. A segment of the long shoot, from which this originated by 
a slightly unequal branching, remains attached to it. x 3. Fig. 4. Part of the rhizome system, 
showing long shoot axes bearing short shoots on which leaves in early developmental stages are 


present. x +. 
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in the region of the shoot apex. This 
clearly indicates that the apex may extend 
well beyond the last leaf produced, and 
that the spacing of leaves along the 
rhizome is not the result solely of inter- 
nodal elongation subsequent to leaf initia- 
tion. The diameter of the short shoot 
apical mound in the specimens studied 
varied from 0:15 to 0-2 mm and appeared 
to remain fairly constant throughout the 
growing season. 

Leaf primordia gradually enlarge, and a 
widening cleft slowly separates the new 
leaf from the tip of the short shoot. With 
the continued elongation of the short 
shoot, the leaf is displaced laterally to the 
right or left. By the time the stipe rudi- 
ment is externally visible, the frond lamina 
is well formed, and the three lobes of the 
tripartite blade are microscopically re- 
cognizable ( Fig. 5). As elongation of the 
stipe proceeds, the lamina remains small, 
closely appressed to the stipe, and covered 
by a profuse and shaggy mat of hairs. It 
does not begin to enlarge until the 
spasmodic elongation of the stipe raises it 
above ground; it then straightens up from 
its reflexed position on the dorsal surface 
of the stipe, and subsequently assumes its 
mature proportions. 

A striking peculiarity of the bracken 
frond is the lack of a true crozier stage 
during its development. In contrast to 
many of the common ferns in which the 
lamina and part of the stipe become tightly 
coiled as the leaf develops, the stipe of 
Pteridium is slightly arched and the lamina 
hangs down below the stipe tip during the 
early stages of leaf growth. When the 
stipe finally appears above ground, the 
lamina straightens up from its reflexed 
position and begins to enlarge rapidly. 
The basal pair of pinnae begins to leng- 
then as stipe elongation continues, and 


lengthening of the upper pinnae soon 
follows. The slight headstart in growth 
of the two basal pinnae is never com- 
pletely overcome by the upper ones, with 
the result that the mature frond is 
tripartite. 

The first new fronds of the current year 
appear in mid-May at Upton, but this 
time is undoubtedly subject to seasonal 
variation. New fronds continue to emerge 
throughout the summer months and until 
the first heavy autumn frost. Spore 
shedding begins approximately six weeks 
after the appearance of leaves ( July 1 to 
July 10 at Upton), but also varies with 
the local conditions, and continues through 
the summer. Not all fronds nor all pinnae 
of a frond produce spores. In any stand 
of Pteridium, many leaves, often the 
majority, are entirely sterile, while on 
others sori are limited to one or two of the 
basal pinnae. Although there is no dif- 
ference in aspect or dimension between 
vegetative and reproductive fronds, ana- 
lyses of local populations indicate that a 
greater number of reproductive fronds are 
produced from early to mid-summer, while 
the majority of those which mature in 
August and September are sterile. Bower 
(1923) has stated that the output of 
spores from shaded leaves is greatly re- 
duced below that of sun-grown leaves. 
This was not true at Upton, where leaves 
under an oak-pine canopy shed spores 
prolifically, while those in the sunny open 
areas were rarely even partially fertile. 

During July and August some of the 
earlier matured fronds wilt and die, and 
during the autumn the remainder of the 
above-ground fronds of the preceding sea- 
son perish. The basal portions of the stipe 
persist for a number of years and Sachs 
(1882) and others have calculated the 
age of the short shoots by counting the 
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Fics. 5-8 — Fig. 5. Tip of a young leaf from which hairs have been removed to expose the 
three lobes of the tripartite blade which hang down below the stipe tip and lie flat against it. x 15. 
Fig. 6. Tip of a long shoot from which hairs have been removed to expose the apical mound 


(arrow). x 15. 


a young leaf (arrow). x à. 


Fig. 7. Part of a long shoot bearing two short shoots, the older of which bears 
Fig. 8. A short shoot, which after producing sixteen leaves has 


become converted to a long shoot, which is in turn bearing short shoots at widely spaced inter- 


vals. x 4. 


Fies. 5-8. 
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stipe bases, on the assumption that one 
leaf on a short shoot matures each year. 

Growth of leaves is seasonal and 
spasmodic, and the number of years re- 
quired for maturation varies with the 
variety of Pteridium and with the locality. 
A great deal of controversy on the length 
of time required for leaf maturation has 
been caused by a lack of agreement on the 
time at which a new apical formation is 
to be considered a leaf primordium. 
Klein ( 1884 ) and Smith ( 1931 ) recognize 
a primordium as such from the time that a 
tiny bump becomes microscopically visible 
in association with the apical mound at the 
shoot apex. Klein’s seasonal sequence 
includes (1) a “ Blattanlage’’ formed 
during the first year, in the same groove 
as the apical growing point; (2) the 
“Hocker ”, an emergence visible to the 
naked eye, formed during the second 
season; (3) the development of a club-like 
bud in the third year; and (4) the sub- 
sequent unfolding of the frond during the 
fourth season. Although Klein states 
that his time sequence disagrees with that 
proposed by Hofmeister ( 1862 ), the only 
basis for controversy is Hofmeister’s 
preference to regard the “ Höcker ”, the 
externally visible primordium, as the 
growth of the first season. He adds that 
the leaf subsequently matures in two 
additional seasons. 

Both Klein’s and Hofmeister’s time 
sequences are valid for the time of leaf 
maturation in this locality, and according 
to the distributions given in Tryon’s 
(1941) monograph of Pteridium, the 
variety with which they both worked was 
latiusculum. Micro-dissections at the 
short shoot apex through the growing 
season indicate that primordial inception 
continues through the summer months. 
If a primordium is microscopically visible 
in May or early June, by the end of that 
season it may attain an average length 
of 2:5 cm, and in the following season, 
with a tremendous acceleration of growth, 
the leaf appears above ground and reaches 
a maximum height of 44 ft. There is no 
way of ascertaining whether a primordium 
visible early in the growing season is a 
product of that season’s early growth, or 
was formed late in the preceding season. 
The initial slow, spasmodic stages of leaf 


development strongly suggest that early 
season primordia are initiated in the 
previous season. 

In the majority of cases, only one leaf 
on a short shoot matures during a growing 
season. When exceptions to this do occur, 
the early matured leaf is already browned 
and wilting as the newer one expands. 
Smith (1931) suggests that leaf develop- 
ment is stimulated by cutting maturing 
leaves, and subsequently two or three 
fronds may mature in one season. Since 
leaves of the var. aquilinum in England 
mature twelve months after their incep- 
tion, according to Watt ( 1940 ), eradica- 
tion of bracken is speeded up by cutting 
leaves as they appear above ground, 
and starving the rhizome system to death 
in two or three years. 

An unusual feature of leaf development 
was observed at Upton, where fronds in 
the middle of the fire lanes are exposed 
to full sun for most of the day. Here the 
entire rhizome system grows deeply in the 
soil, but the stipe fails to compensate for 
this with the result that the blade of the 
frond is at ground level, and the pinnae 
are crowded together and often in a radial 
arrangement. In contrast, normal fronds 
have most of their stipe above ground, 
and the pinnae lie all in one plane. The 
lack of stipe elongation in this location 
can be at least partially ascribed to the 
effects of light and heat, because fronds 
in partially shaded fire lanes in Plymouth 
have well-developed stipes above ground, 
even though the rhizomes are at depths 
comparable to those at Upton. It may be 
noted, however, that this difference in 
frond appearance does not modify the 
development or extension of the rhizome 
system. 

THE LONG SHoot — In 1862 Hofmeister 
characterized the long shoot of Pteridium 
as the “ more strongly developed furcate 
branch ”, and observed that on “ really 
old ” plants frond formation ceased en- 
tirely on this major furcate branch. 
Sachs ( 1882), making no clear distinction 
between the two major shoot types of the 
rhizome system, pointed out that the 
“growing end of the ( Pteridium ) stem ” 
often outran the point of attachment of 
the youngest leaves, and frequently at- 
tained a length of several inches without 
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bearing leaves. Watt (1940) was the 
first to apply the term “ long shoot ’’, but 
his major criterion was shoot length, 
although he did refer to the leafless condi- 
tion. Up to the present time, the vari- 
able terminology and conflicting descrip- 
tions of the rhizome system have left 
unresolved the problem of a morphologi- 
cal interpretation of the long shoot. 

The annual extension of the long shoot 
is primarily responsible for the weedy 
nature which bracken often manifests. 
During the present study, increases in 
length of 10 to 17 cm during the growing 
Season were recorded, presenting a marked 
contrast to the slow-growing short shoot. 
This extension is, however, moderate in 
comparison with the 25 to 90 cm exten- 
sions per year reported in England and 
Scotland ( Watt, 1940; Braid, 1934) for 
the variety aquilinum, and is in keeping 

ith earlier comments on the compa- 
ratively slow spread and non-weedy nature 
of the variety latiusculum in the United 
States. 

The long shoot tip is elongated, taper- 
ing and gradually flattened. When the 
shoot is active, immature tissue may extend 
as far back as one centimeter from the 
tip (Fig. 7). Prominent ridges extend 
laterally along the shoot and continue 
through the immature region to the shoot 
apex, thus establishing a dorsiventrality 
in the rhizome. Apices of 70 long shoots 
were dissected for examination. The 
apical mound resembles that of the short 
shoot but it is larger, varying from -50 to 
-55 mm in diameter and lies further back 
from the tip than that of the short shoot 
(Fig. 6). It is deeply buried in a de- 
pression under a dense mat of white 
mucilaginous hairs, and is inclined from 
40° to 79° from the horizontal ( cf. Chang, 
1927 ), so that a dorsal view of the rhizome 
provides a nearly surface view of the apical 
mound. This orientation is the result of 
an upward protrusion of the ventral tissue 
derived from the apical meristem with 
the result that the apical mound is dis- 
placed toward the upper surface of the 
shoot. 

The observations of dissected long shoot 
apices provided convincing confirmation 
for the earlier conclusion, based upon 
mature rhizomes, that the long shoot is 
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truly leafless. In no instance among the 
70 apices examined at various times of the 
year was a leaf primordium observed at 
the base of the apical mound or in its 
immediate vicinity. Ina number of cases, 
branching was noted in these dissections, 
but a discussion of this phenomenon will 
be deferred for a subsequent report. The 
absence of leaves on the long shoot is, 
therefore, not the result of abortive pri- 
mordial development nor to a production 
only at the time of branch formation, 
but is rather explained by a failure of the 
shoot apex to form any leaf primordia 
in its development. 

THE TRANSITIONAL SHOOT — The tran- 
sitional shoot combines characteristics of 
both the long and the short shoot. Like 
the long shoot, it is a rapidly growing axis 
terminated by an elongated, tapering tip, 
and like the short shoot it bears leaves 
directly, at intervals of 5-10 cm (Fig. 3). 
It is thus quite distinct from Watt’s 
category of intermediate shoots which, 
like long shoots, have no leaves, but are 
characterized by a slower rate of extension 
than is found in typical long shoots. It 
should be pointed out that the transitional 
shoot is not a stable shoot expression, 
and may be aptly described as an inter- 
mediate phase of shoot development. 
Transitional shoots may arise in two ways: 
first, in the process of conversion of a 
short to a long shoot, and second, as a 
result of branching at the long shoot tip. 

The phenomenon of conversion of short 
to long shoots is widespread among the 
vascular plants, and has been described 
at length in Ginkgo ( Gunckel & Wetmore, 
1946), Cercidiphyllum (Titman & Wet- 
more, 1955) and many other plants. 
Interchangeability of shoots is of frequent 
occurrence in Pteridium also ( Fig. 8 ), and 
usually occurs on short shoots at a con- 
siderable distance from the long shoot tip. 
In the process, growth of the shoot is 
accelerated, and the transitional shoot 
develops, with its widely spaced leaves 
and tapering tip. After two or three fronds 
have been produced, leaf production 
ordinarily ceases on the axis, and the transi- 
tional shoot is converted to a long shoot, 
which subsequently produces short shoots 
at infrequent intervals. Transitional 
shoots may also arise from branching 
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at the long shoot apex. In this process 
the apical meristem subdivides into two 
unequal mounds, from the smaller of 
which the transitional shoot develops. 
Again, after the production of two or three 
leaves, the transitional shoot becomes 
a typical long shoot. 

The apices of 19 transitional shoots were 
dissected in the manner described above 
for short and long shoots. The diameter 
of the apical mound in these shoots ranged 
from 0-32 to 0:40 mm giving them an 
intermediate position between short and 
long shoots with respect to apical size. In 
four cases a single distinct leaf primordium 
was noted. On branches which arose 
directly as transition shoots from the long 
shoot the first leaf was always located, 
as in short shoots, on the adaxial side of 
the shoot with respect to the main axis. 
In the case of transitional shoots in the 
process of conversion from the short to 
the long condition, leaves continued the 
alternating sequence established in the 
short shoot. 


Discussion 


An attempt has been made to establish 
an accurate morphological interpretation 
of the rhizome system of Pteridium as a 
basis for future analytical and experi- 
mental studies on this remarkable plant. 
Fundamentally, two important facts have 
emerged from the present study. First, 
it has been established that the rhizome 
system comprises two distinct shoot types, 
(the short shoot and the long shoot ) 
which may be separated on morphological 
grounds (the presence or absence of 
leaves) as well as on quantitative dif- 
ferences in shoot extension. Moreover, 
it has been demonstrated by study of 
mature structures and of developmental 
stages as well that one of these two types 
is truly leafless and that the leafless con- 
dition results from a failure of the shoot 
apex to produce leaf primordia rather than 
from an abortive development of primor- 
dia or from a peculiar association with 
the production of lateral axes. A third 
category of shoot which is, as its name im 
plies, transitional between the two basic 
types, is also recognized, but it clearly is 
of a transitory nature and is not to be 
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considered equivalent to the fundamental 
types. 

It is apparent that both of these facts 
were recognized by earlier workers. 
Hofmeister (1862) has given a detailed 
description of the rhizome system, in 
which he recognized the leafless condition 
of certain shoots. However, it is not clear 
whether he appreciated a fundamental 
distinction of shoot types since he used 
such vaguely worded descriptions as 
“naked unbranched terminal shoots ” 
and “ frondless ends of shoots”. Yet 
his observations are in general closer to 
the present interpretation of the rhizome 
system than are those of any of his 
successors. 

Smith (1931) and Long & Fenton 
( 1938 ), discussing problems of eradication 
of bracken, both recognize two shoot types 
on the basis of size and position in the soil. 
They describe deeper storage rhizomes 
which bear few fronds, and more slender 
rhizomes with leaves which are nearer 
the ground surface. 

In an extensive treatment of the ecology 
of bracken in England, Watt ( 1940) also 
recognized two main shoot types with an 
intermediate category between them; but, 
although he recognized that long shoots 
are leafless, he based his distinction upon 
quantitative differences in shoot extension. 
In the present study, Watt’s terms long 
shoot and short shoot have been retained, 
but an attempt has been made to redefine 
these on a more precise morphological 
basis. The transitional shoot which has 
been recognized is not a stable shoot 
expression and will in all cases shortly 
change its form and become a typical long 
shoot. It is in no way comparable to 
Watt’s intermediate shoot which is merely 
a long shoot upon which short shoots are 
placed at closer-than-typical intervals. 

The terms short shoot and long shoot 
have already received widespread applica- 
tion in descriptions of growth forms of 
other plants. In general in gymnosperms 
(Gunckel & Wetmore, 1946), angio- 
sperms (Titman & Wetmore, 1955) and 
even in ferns ( Steeves & Wetmore, 1953 ), 
the short shoot has been described as a 
“compressed ” or non-elongated axis 
bearing a dense crown of leaves, whereas 
the long shoot is a leafy axis with con- 
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‘siderable internodal elongation during its 
development. Either of these types may 
be characteristic of a species, or both 
may occur together. It is apparent that 
on strict morphological grounds the short 
‘shoot of Pteridium is not comparable to 
that described for other plants. Its 
leaves are distinctly spaced at intervals 
varying from 0-5 to 2-0 cm and it does not 
bear a dense crown of foliar appendages. 
‘In fact, in the interval between successive 
leaf formations the blunt apex is quite 
devoid of primordia. Similarly the 
leafless long shoot of bracken cannot be 
considered comparable to the leafy long 
shoots found elsewhere in the vascular 
plants. On the other hand the major 
obvious difference between short and long 
shoots of other plants is the result of 
quantitative differences in shoot extension, 
and this difference is, as Watt (1940) 
has shown, an important feature in the 
distinction between the two shoot types 
in Pteridium. Consequently, unless it can 
be demonstrated that the mechanisms 
underlying the two types of shoot expres- 
sion in bracken are fundamentally dif- 
ferent from those which are basic to the 
short shoot-long shoot condition in other 
groups, it seems advisable to retain the 
same terminology. 

The occurrence of a truly leafless axis 
in Pteridium presents a highly unusual 
condition in vascular plants, apart from 
the Psilopsida which are characteristically 
leafless. It is, of course, distinctly pos- 
sible that other such leafless shoots do 
exist, and indeed, scattered reports in the 
literature indicate that this may be the 
ease (Sperlich, 1906). However, such 
accounts must be considered incomplete 
until careful developmental studies have 
shown a complete absence of leaf primor- 
dia at the shoot apex. The occurrence of 
truly leafless shoots, even if uncommon, 
must be kept in mind in formulating any 
generalizations about shoot development, 
and particularly about leaf-stem relation- 
ships in this development. It is evident 
that the leafless character of Pteridium 
long shoots represents a highly evolved 
condition found only in certain specialized 
shoots, and is not to be compared with 
the primitive absence of leaves of the 
Psilopsida. Moreover since all shoots of 


bracken must be considered genetically 
comparable, the leafless condition appears 
to be a special feature which is expressed 
only under certain circumstances. It has 
been reported ( Hofmeister, 1862; Jeffrey, 
1899; Gottlieb, 1958 ) that in the juvenile 
condition the axis produces leaves and 
that gradually, after the rhizomatous 
habit has been attained, leaf production 
by main axes ceases and is restricted to 
lateral branches only. Moreover it is 
clear that leaf-producing short shoots can 
change gradually into leafless long shoots 
in a series of stages here recognized as 
the transitional shoot. Watt (1940) has 
reported that long shoots occasionally 
change into short shoots, but no such 
transformation has been observed in the 
course of the present investigation. As 
Hofmeister (1862) recognized, the vas- 
cular pattern shows no important dif- 
ferences in the leafy and leafless shoots. 
It will be an interesting future study to 
explore the patterns of differentiation in 
the two shoot types and to compare these 
in relation to leaf development in the short 
shoot. 

Certain morphological and develop- 
mental phenomena are associated with the 
leafless condition. It has been shown that 
the size of the apical mound is consider- 
ably larger in the long shoot than in the 
short shoot and that in transitional shoot 
it is intermediate. Similarly the rate of 
shoot extension is much greater in long 
shoots than in short shoots, and again the 
transitional shoots are intermediate. At 
present no evidence is available to permit 
a decision as to whether one or both of 
these correlative conditions is funda- 
mentally related to the absence of leaf 
production and whether, if so related, 
the failure of leaf production is the cause 
or the result of the related feature. This 
problem could, however, be approached 
experimentally, and it is hoped to under- 
take this in future studies. 

Dissections of the long shoot apex have 
indicated that the leafless condition results 
from a failure of primordial production 
and not from an ontogenetic displacement 
of leaf primordia from the long shoot apex 
to developing lateral appendages. On 
the other hand, from the phylogenetic 
point of view, it seems reasonable to 
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suppose that the dimorphic rhizome 
system of Pteridium evolved from an 
ancestral form in which all shoots were 
leafy. It may well be that in this evolu- 
tionary change, leaf production on the 
main axis became restricted in occurrence 
to locations of unequal branching and that 
the leaf primordium originally associated 
with the branching became shifted in 
position to the lateral axis. This would 
amount, of course, to a suppression of leaf 
formation on the long shoot, but would 
shed a somewhat different light upon the 
phenomenon. A _ consideration of the 
evidence bearing upon this problem will 
be reserved for a later report on branching 
in Pteridium. 

The fact that a certain degree of plas- 
ticity is inherent in the expression of 
each shoot type in Pteridium suggests a 
possible experimental analysis of the 
mechanisms which control shoot expres- 
sion in this plant. It has been shown that 
short shoots have the appearance of some- 
what retarded lateral branches and that 
they are capable of changing over into the 
long shoot pattern. This change ordinari- 
ly occurs at some distance from an active 
long shoot apex. However, proximal 
short shoots are frequently converted 
following injury to the long shoot apex or 
after its experimental decapitation. More- 
over, isolated short shoots attached to a 
short segment of long shoot, if they 
survive, regularly develop as long shoots. 
It is apparent that the occurrence and 
maintenance of the short shoot habit is 
dependent upon an association with an 
active long shoot, a situation strongly sug- 
gestive of an inhibition of the sort which 
underlies lateral bud inhibition (Went & 
Thimann, 1937) and even short shoot 
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development ( Gunckel, Thimann & Wet- 
more, 1949 ) in the higher plants. If this 
does prove to be the case, the short shoot 
would be regarded as a retarded lateral 
branch, but the relation of this retardation 
to the production of leaves by the short 
shoots would still remain a problem. The 
possible occurrence of such an inhibitory 
mechanism will be the subject of future 
investigations. 


Summary 


The dorsiventral rhizome system of 
Pteridium aquilinum var. latiusculum is 
interpreted on the basis of two morpho- 
logically distinct shoot types. The short 
shoot is a leafy axis, always borne laterally, 
which is characterized by a limited linear 
extension. The long shoot, or main axis, 
is characterized by extensive elongation 
and by a complete absence of leaves or 
leaf primordia. A leaf-bearing transi- 
tional shoot intermediate between these 
two is also recognized; but this is a 
transitory shoot expression which soon 
changes to the typical long shoot form. 
The major features of leaf development on 
short shoots are described and compared 
with reports by earlier workers. Or- 
dinarily one leaf primordium is produced 
by each short shoot during the growing 
season and, except in unusual cases, one 
leaf matures each year. Three growing 
seasons are usually required for complete 
leaf development in the var. latiusculum 
in northeastern United States. The 
significance of the two forms of shoot 
expression, and in particular of the 
leafless condition of the long shoot, is 
discussed and possible interpretations are 
suggested. 
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CYTO-MORPHOLOGY OF THE GENUS POGONATUM PALIS 


RS: CHOPRA TELE Dy SHARMA 


Department of Botany, Panjab University, Amritsar, India 


Since publication of the classical work, 
“Fundementum historiae Naturalis 
Muscorum frondosorum ”’ ( Hedwig, 1782) 
most of the workers have been interested 
in the taxonomy of this group. Recently 
morphological, cytological and experi- 
mental studies of mosses have been under- 
taken by several investigators abroad but 
in India these aspects have not attracted 
the attention which they deserve. The 
life history of Barbula indica Bridel. has 
been studied recently by Banerji & Subir- 
sen (1956). It was felt that cytological 
and morphological studies of the various 
groups of mosses were likely to throw light 
on the origin and evolution of mosses. 
The present paper is an attempt in this 
direction. Three species of Pogonatum, 
namely P. stevensii Ren. and Card., P. 
microstomum (R.Br.) Brid. and P. pert- 
chaetiale ( Mont.) Jaeg. have been studied. 


Materials and Methods 


The material of all the three species was 
collected from various localities of Mus- 


soorie ( Western Himalayas, 6,000-7,000 
ft. above sea level) and was fixed in 
formalin-acetic-alcohol, acetic-alcohol and 
Bouin’s fluid for the study of different 
stages of development in the life history. 
The first two fixatives were used for 
studying the vegetative growth and de- 
velopment of sex organs while the Bouin’s 
was used for spermatogenesis and sporo- 
genesis. The studies were carried out by 
the usual paraffin embedding and micro- 
tome sectioning method. Sections were 
cut 7-10» thick according to the stage of 
development. Slides were stained with 
safranin and fast green combination but 
crystal violet and orange G combination 
was also tried for the material fixed in 
Bouin’s. The former combination gave 
better results than the latter. Aceto- 
carmine squashes were prepared on the 
spot to study the chromosome number 
during sporogenesis. Germination of the 
spore and bud formation were studied 
after sowing the spores in Knop’s solution 
and later transferring them to the sterilized 
soil brought from Mussoorie. 
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Gametophyte 


SpoRE — The spores are spherical and 
possess a smooth surface as figured by 
Wijk (1932) for Catharinea and Funaria 
respectively. A mature spore is green 
and its wall is made up of the usual two 
layers. Embedded in the cytoplasm are 
several chloroplasts and oil globules 
(Fig. 1A). The number of chloroplasts 
in P. perichaetiale is much greater than in 
the other two species. 

SPORE GERMINATION — Spores were col- 
lected from Mussoorie towards the end of 
September 1953 and tried for germination 
in the winter months of the same year at 
Amritsar but without success. The un- 
used lot of spores was taken to Mussoorie 
in July 1954 and put up for germination. 
Fresh spores collected in the same year 
but from previous year’s capsules were 
also sown in separate Petri dishes. In 
both the cases the spores germinated 
within a few days indicating perhaps that 
a rest period prior to germination was 
essential. 

The germination is similar to that 
described by Kachroo ( 1954) for Physco- 
mitrium pyriforme (L.) Brid. and the 
formation of the protonema resembles 
that described by Campbell ( 1905). The 
spore absorbs moisture and enlarges till 
the exospore bursts at one point. The 
endospore protrudes in the form of a 
papilla from this point (Fig. 1B, C, D). 
This papilla now grows actively and 
develops a richly branched filamentous 
protonema. The growth of the filament 
is strictly apical except for the branches 
which may arise from any cell near its 
anterior end. Sometimes the endospore 
grows out at two points, one of the 
papillae remaining nearly destitute of 
chlorophyll and forming the first rhizoid. 
The richly developing protonema in nature 


as well as in culture forms a green mat- 
like dense growth on the soil. Two types 
of branches are observed: ordinary green 
filaments and comparatively narrow 
colourless ones showing little contents — 
the rhizoids. Both the types of branches 
are mutually interchangeable. 

Campbell (1905) states that green 
branches have got straight transverse 
septa and rhizoids show strictly oblique 
ones. But in Physcomitrium pyriforme 
according to Goebel ( 1905 ) the cross walls 
both in protonemal branches and rhizoids 
are straight although in most mosses 
the hypogeous branches (which we call 
rhizoids ), especially the strongly de- 
veloped ones, possess oblique cross walls, 
and the thinner branches possess straight 
ones. In the epigeous parts ( ordinary 
green filaments) the cross walls are 
straight but oblique walls occasionally do 
occur. The authors’ observations are in 
accord with that of Goebel. 

Bup FORMATION — After the protonema 
has grown to a considerable extent the 
development of bud follows. From any 
cell of the growing filament a protuberance 
is given out which, to begin with, is not 
distinguishable from the young protonemal 
branch but soon becomes pear-shaped or 
simply elongated and with a broad tip 
( Figs. 2, 3). A number of bud initials 
arise on the protonema from a single spore. 
As described by Campbell (1905) a 
strongly oblique wall is laid down in the 
bud initial ( Fig. 3) followed by two more 
oblique walls which so intersect each other 
as to form an inverted pyramid-shaped 
apical cell ( Fig. 4). Under unfavourable 
conditions, its further growth remains 
checked for some time or it may again 
divide transversely to form a filamentous 
protonema. In some cases the pro- 
tuberant bud grows into a narrow filament 
into which the contents of the bud are 
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G: Fig. 1. Germination of the spore. 
Figs. 2-4. Development of the bud on a protonema thread. x 484. 


—— 
Fig. 1A, 1C se 11605 Figse1 BD 
Fig. 4A. An empty bud 


initial after having passed on its contents to the new protonema branch which has come out from 


it. x 484. 


Figs. 5, 6. C.s. and Ls. respectively of the apical growing region of the leafy gameto- 
phyte showing apical cell and its segmentation. x 1160. x : Pett ae 


Fig. 7. L.s. of the apical growing region 


showing region of smaller cells below the apical dome after which elongation of the cells takes 


place. x 484. 
pectively. x 320. 


Figs. 8,9. T.s. of the stem showing anatomy of P. stevensii and P. microstomum res- 
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transferred ( Fig. 4a). The new filament 
may be detached from the parent thread 
at this point. 

The apical cell of the young bud cuts off 
three series of segments as noted by 
Campbell (1905). Stages in development 
of the leaves could not be observed be- 
cause of the death of the protonema. 

APICAL CELL — It has a more or less 
convex upper surface and three triangular 
flat surfaces at the sides. It cuts off 
three series of segments and the fourth 
convex side is free. The apical cell ap- 
pears triangular in cross sections ( Fig. 5 ) 
as also pointed out by Goebel (1905 ). 
The wall cutting off a segment from the 
apical cell is not laid parallel to its flat 
surface as in Acrogyneae, but it so meets 
the two adjoining surfaces that the seg- 
ment itself also appears triangular in cross 
sections (Fig. 5). The cutting off of the 
segments in this fashion results in the 
shifting of the position of the apical cell 
in a spiral manner which consequently 
results in the spiral arrangement of leaves 
as described by Bower ( 1935 ). 

In acrogynous Jungermanniales the 
apical cell is generally three-sided as seen 
in a cross section but the segments are cut 
off parallel to the plane surfaces so that 
the leaves are arranged in rows. 

It would be interesting to study the 
segmentation of the apical cell in mosses 
like Cyathophorum Palis and Cyatho- 
phorella ( Broth.) Fleisch., where the leaves 
appear to be in three rows. 

The apical cell of the stem looks more or 
less triangular in a median longitudinal 
section also ( Fig. 6) but not so elongated 
as figured for Amblystegium by Campbell 
(1905); otherwise the further develop- 
ment is very similar. The apical cell cuts 
off segments very regularly. Each seg- 
ment first divides by a vertical wall into 
an inner and an outer cell (Fig. 6). 
Later the outer cell is divided by a hori- 


zontal wall into an upper and a lower cell. 
Probably one of these functions as the leaf 
initial and. the other contributes to the 
cortical tissue of the stem. But due to 
very dense growth of the tissues at the 
apex it has not been possible to trace the 
exact origin of the leaf. The inner cell 
of each segment divides both by vertical 
and horizontal walls very rapidly to form 
a region of very small densely filled cells 
(Fig. 7). Below this region there is no 
division but the cells enlarge and dif- 
ferentiation of the tissues takes place to 
form the mature structure. 

All the three species are perennial. 
Thus plants bearing three or four clusters 
of leaves at different levels on the stem 
have been observed, each cluster repre- 
senting the perigonial leaves of one year 
(Fig. 9A). Normally the stem is un- 
branched but branching occasionally occurs 
in P. microstomum and P. perichaetiale. 

A transverse section of the mature stem 
of P. stevensii (Fig. 8) shows a thick- 
walled epidermis, a broad cortex followed 
by a few layers of smaller cells and a 
central zone of larger cells. All cells have 
thin walls but the angles are slightly 
thickened. The stem structure» of SP: 
perichaetiale is similar. That of P. mi- 
crostomum (Fig. 9) shows a higher dif- 
ferentiation. The cells of the central 
region have thickened walls. Groups of 
smaller cells apparently resembling the 
leaf traces of ferns are present in the 
cortex. Two or three cell layers below the 
epidermis are thick-walled. 

According to Bower (1935) Polytri- 
chum commune Linn. and Ruhland (1924) 
Polytrichum formosum Medw. show a still 
better internal organization of the stem. A 
comprehensive study of the stem anatomy 
of the Polytrichales is needed to determine 
the most highly organized type. 

LEAF — As the apical region is con- 
densed in the three species under study, 


—— 


Fics. 9A-20 — (clc, central layer of cells; lic, lower layer of cells; ulc, upper layer of cells ). 


Fig. 9A. 
various stages of development. x 1160. 


of development. x 1160. 


Fig. A three-year old plant of P. perichaetiale. x 5. 
its tip showing apical cell and its segmentation. x 1160. 
Figs. 
chaetiale and P. microstomum respectively. x 484. 


Fig. 10. Surface view of the leaf near 
Figs. 11-13. C.s. of the young leaf at 


14-16. C.s. mature leaf of P. stevensii, P. peri- 


Figs. 17-20. L.s. of antheridia at various stages 


Fics. 9A-20. 
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it has not been possible to determine the 
initiation of leaf and the very early stages 
in its development. The leaf grows by a 
two-sided apical cell as pointed out by 
previous workers ( Campbell, 1905; Smith, 
1938 ) and it cuts off segments on two sides 
very regularly (Fig. 10). The leaf grows 
in width and length by longitudinal and 
transverse divisions of these segments. 
When the leaf becomes about nine cells in 
width, the cells of the median row divide 
by walls parallel to the surface of the leaf 
(Fig. 11 ) followed by similar divisions in 
two more rows, one on either side of the 
median one (Fig. 12).These divisions result 
in the formation of midrib and wing regions 
of the leaf. The cells of the upper layer 
of the midrib region, again divide so as to 
cut off an outer and central layers of cells 
(Fig. 13). Of the three cell layers thus 
formed, the lowermost divides by vertical 
walls to form the cells of the lower epider- 
mis and the central one divides in all planes 
to form a part of the tissue of the midrib. 
The uppermost cells undergo a series of 
transverse divisions to form the lamellae. 

As the leaf grows, the lamellae separate 
from one another as seen in cross-sections 
of the leaf and stand side by side on its 
upper surface. During further growth, 
horizontal walls are laid down in more 
cells on either side of the ‘ original midrib ’. 
This is followed by the addition of more 
lamellae on the upper surface and the 
expansion of midrib at the sides. Ulti- 
mately the leaf comprises a broad midrib 
and narrow wing — one cell in thickness 
and about 5 to 6 cells in width on either 
side. After the lamellae have attained 
the requisite height, the basal cells of 
4 or 5 median ones begin to divide and 
thus add to the tissue below. 

When the leaf is young, about 5 cells 
long, many hairs develop from its base 
to provide additional protection to the 
growing point ( Fig. 6). These arise from 
a row of cells at the base of the leaf. Each 
basal cell divides by a horizontal wall into 
two, the upper of which functions as the 
hair initial and undergoes several trans- 
verse divisions to form a linear row of cells. 
Campbell ( 1905 ) and Smith ( 1938) have 
shown such hairs in the figures but have 
not given any description of the manner 
in which they are developed. 
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The leaf grows in length due to the 
activity of the apical cell and produces 
lamellae as has already been pointed out. 
After some time further elongation of the 
leaf as a result of this activity stops. | 
This is followed by intercalary growth in 
the basal region of the leaf resulting in the | 
formation of the lower sheathing portion | 
which is devoid of lamellae. Intercalary | 
growth in Pogonatum, a departure from 
other mosses, is significant. | 

A mature leaf in P. stevensit shows a 
broad midrib and a narrow wing on either 
side. As seen in transverse sections two 
types of cells are present in the midrib: 
(1) ‘ xylem-like ’ cells with narrow lumina 
and (2) ‘ phloem-like’ cells with broader 
lumina (Fig. 14). On the upper surface 
of the leaf are many plates of cells standing 
side by side and appearing like filaments 
in a cross section — the lamellae. The 
lamella of a mature leaf is 4-6 cells in 
height and all its cells are alike. 

In P. microstomum and P. perichaetiale 
the basic plan of the leaf structure is the 
same as in P. stevensit but for differences 
in size of the cells of the lamella. In P. 
perichaetiale the terminal cell of the lamella 
is much bigger in size and is nearly 
spherical in shape as seen in cross-sections. 
The size of the cells decreases gradually 
towards the surface of the leaf (Fig. 15). 
In young leaves of P. microstomum the 
terminal cell of a lamella is spherical and 
larger than the lower cells but when 
mature, forms two conical cells as seen 
in a cross-section ( Fig. 16 ). 

SEX ORGANS—P. perichaetiale and P. 
stevenstt are strictly dioecious and the male 
plants are somewhat smaller in size than 
the female ones. The male inflorescence 
is discoid or like a miniature flower. P. 
microstomum is monoecious. 

ANTHERIDIUM — In quite mature plants 
a prominent apical dome surrounded by 
many well-developed antheridia has been 
observed indicating that the apical cell is 
not used up in the development of the 
antheridium. 

In P. stevensii the development of the 
antheridium broadly follows the same 
pattern as described by Campbell ( 1905 ) 
and Smith (1938) but in details of the 
formation of the androgonial cells certain 
differences are observed. The antheridial 
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initial divides by a transverse wall so as 
to cut off a lower stalk cell and the upper 
mother cell of the antheridium ( Fig. 17). 
The stalk cell does not seem to divide 
further up to a very late stage ( Fig. 21). 
Even in mature antheridium the stalk 
is few-celled. As described by previous 
workers a two-sided apical cell is es- 
tablished in the antheridium mother 
cell ( Figs. 18, 19 ) which cuts off two series 
of segments regularly (Figs. 20, 21). 
Secondary divisions begin when 3 or 4 
segments have been formed on either side 
(Fig. 21). The apical cell continues to 
divide till about 13-15 segments are cut off. 
Thereafter the apical cell ceases to be 
active and contributes to the wall of the 
antheridium (Fig. 26). It does not 
divide by a wall parallel to the outer face 
into an inner and an outer cell as described 
by Campbell ( 1905 ) in Funaria. 

One or two basal tiers of segments may 
divide by vertical walls but do not form 
any spermatogenic tissues. In the upper 
segments, the formation of androgonial 
cells and the wall cells follow a pattern 
which is different from that described for 
Funaria by Campbell (1905). In each 
of the segments three vertical walls are 
laid down so as to cut off one spermato- 
genic cell and three antheridial wall cells. 
The first vertical wall intersects the peri- 
pheral and the inner wall of the segment 
in such a way as to cut off two cells of 
which one is smaller than the other 
(Fig. 22). A second vertical wall is 
also laid in the larger cell in a similar 
fashion so that each segment is now 
divided into three — a middle cell flanked 
on either sides by two cells (Fig. 22). A 
third vertical wall is laid down in the 
middle cell meeting the first two walls at 
the sides, thereby cutting off one central 
spermatogenic cell enclosed by three 
outer cells (Fig. 23). Each of the wall 
cells then divides further only by radial 
and transverse walls so that the wall in- 
creases only in circumference and height 
but remains single cell thick. The sper- 
matogenic cells appear semicircular in 
shape as seen in cross sections ( Fig. 24 ) 
and each of these then divides by a median 
vertical wall so as to form four spermato- 
genic cells ( from two opposite segments ) 
surrounded by the wall layer as seen in 
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cross-section ( Fig. 25). The development 
of the spermatogenic cells starts prob- 
ably at the time when the apical cell 
has cut off 7-8 segments and they divide 
in all planes with such a regularity that 
the limits of the primary spermatogenic 
cells remain evident until the antheridium 
is nearly fully mature (Fig. 26). 

Mixed with the antheridia are numerous 
hair-like structures — the paraphyses, 
each of which consists of a single row of 
uniform cells. The paraphysis initial is 
also derived in the same way as the 
antheridial initial, but it divides only by 
transverse walls to form a single row of 
cells. The number of cells in a paraphysis 
seems to equal that of the segments cut 
oft by an apical cell of the mature antheri- 
dium. 

In P. perichaetiale the development of 
the antheridium is identical with that of 
P. stevens. But in P. microstomum 
(Figs. 27-29) it conforms to that in 
Funaria. 

Development of the antheridium by 
means of an apical cell in mosses is in 
marked contrast to that in liverworts 
where growth is intercalary. 

In the Anthocerotales, most of the 
Marchantiales, and the Anacrogyneae each 
segment of the developing antheridium, 
produced by its transverse divisions, 
divides by two vertical walls into four 
cells. A periclinal wall in each of these 
four cells cuts off a wall cell and an 
androgonial cell. In Acrogyneae, accord- 
ing to Campbell ( 1905 ), a single vertical 
wall divides a segment into two cells ap- 
pearing semicircular in cross section. 
“Each of these is now divided by two 
intersecting walls which separate a central 
cell from two outer cells.” At this stage 
a cross section of the antheridium of Ac- 
rogyneae resembles that of P. microsto- 
mum (Fig. 29) and Funaria. 

The details of spermatogenesis could 
not be worked out but the mature sperm 
is a thin, coiled structure with 14 coils 
(Eig.30). 

ARCHEGONIUM — It is doubtful if the 
first archegonium develops from the 
apical cell or not but sooner or later the 
apical cell itself forms the initial of an 
archegonium. The development of the 
archegonium is on the same pattern as 


Bresy 21-36" 
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described for mosses in general ( Campbell, 
1905; Smith, 1938). Any cell in the 
young growing region may become pro- 
tuberant and is separated by a transverse 
wall at the surface to form the archegonial 
initial ( Fig. 31). This cell now divides 
transversely into a basal cell and a ter- 
minal cell which forms the mother cell 
of the archegonium (Fig. 32). In the 
terminal cell three oblique walls arise 
intersecting each other at some distance 
above the first transverse wall so as to 
enclose a tetrahedral cell pointed below 
( Fig. 33). The basal cell formed by the 
first transverse wall in the archegonical 
initial divides extensively in all directions 
to form a massive stalk. Each of three 
peripheral cells, formed by three oblique 
walls in the terminal cell, divides trans- 
versely, radially and tangentially to form 
the venter of the archegonium two to 
three cells thick. 

The tetrahedral cell which is pointed 
below divides by a transverse wall into a 
central and an outer cell (Fig. 34). 
Sometimes it cuts off one or two segments 
at the sides before dividing (Fig. 35). 
The central cell gives rise to the egg and 
the ventral canal cell. The five-faced 
outer cell thereafter functions as the 
apical cell and cuts off four series of seg- 
ments, the fifth side being free. Of the 
four series, three are peripheral which 
contribute to the development of the neck 
of the archegonium while the fourth series 
produces the neck canal cells ( Fig. 36 ). 

Each of the neck initials, soon after their 
formation, divides by a radial wall so that 
there are six rows of cells in the neck 
(Figs. 37, 38). The neck cells also 
divide by transverse walls so that the 
number of cells in each row is more than 
that originally cut off by the apical cell. 
The basal segments cut off by the apical 
cell do not divide further and function as 


+ 


neck canal cells. The protoplasts of the 
neck canal cells lie free within the canal, 
due to the dissolution of their cell walls 
( Figs. 39, 40). For some distance above 
the venter, the neck too becomes double- 
layered. The increase in thickness of the 
neck as well as of the venter is brought 
about by periclinal divisions in all the six 
rows of cells. When the archegonium is 
about to mature, the central cell divides 
to form the upper ventral canal cell and 
the lower egg cell ( Fig. 40). There is 
very little difference in the size of these 
two cells. The apical cell of the arche- 
gonium stops its activity after it has cut 
off about 40-50 segments on each side, 
but it has not been possible to determine 
its ultimate fate. 

A mature archegonium shows a suffi- 
ciently long neck, a venter and a massive 
stalk. The neck near its top may be 7 or 
8 cells in circumference, the additional 
cells being derived by radial divisions of 
any of the neck cells. The mouth of the 
archegonium opens by splitting apart of 
the different rows of cells (Fig. 41) and 
meanwhile the neck canal cells and the 
ventral canal cell disorganize. 

The apical cell of the moss archegonium 
corresponds to the cover cell of the liver- 
wort where it divides by two vertical walls 
at right angles to each other to form a lid 
of four cells. But in mosses, as already 
described, this cell functions as an apical 
cell and cuts off four series of segments. 

The development of archegonium is 
similar in all the three species. 

The archegonia are also interspersed by 
several paraphyses, each being a single 
row of uniform cells. 


Sporophyte 


The development of the sporophyte is 
similar to that described by previous 
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Fics. 21-36 — (Ic, larger cell; mc, middle cell; pi, paraphysis initial; sc, stalk cell; smc, smaller 


cell; spc, spermatogenic cell; we, wall cells ). 


Fig. 21. L.s. young antheridium with paraphysis 


initial on one side. x 1160. Figs. 22-25. Various stages of development of antheridium as seen 


x 1160. 


in c.s. 


Fig. 26. L.s. antheridium showing limits of primary spermatogenic cells and the 


apical cell forming a part of the wall. x 484. Figs. 27-29. Development of antheridium at different 


stages as seen in c.s. in P. microstomum. x 1160. Fig. 30. Mature sperm. x 1160. 


Figs. 31-36. L.s. 


archegonium at different stages of development starting from one celled stage. x 1160. 


Fics. 37-43, 
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workers (Campbell, 1905; Smith, 1938 ). 
The fertilized egg divides by a transverse 
wall into an upper and a lower cell 
( Fig. 42). In each of these cells a two- 
sided apical cell is developed by two inter- 
secting walls ( Fig. 43). The sporophyte 
then grows by means of two apical cells in 
opposite directions ( Fig. 44). The divi- 
sion products of the lower apical cell form 
the foot. The foot pierces the stalk of the 
archegonium and the stem tip ( Fig. 45). 
It seems to have absorptive function due 
to its cells being densely filled with 
contents in strong contrast to the cells 
of the seta above and gametophyte below. 
The upper apical cell in contrast to the 
lower one grows with marked regularity 
and the successive divisions follow with 
“mathematical precision ”. Each seg- 
ment divides by a median vertical wall 
into two equal halves (Fig. 46). Two 
types of divisions are observed in the 
formation of the endothecium and the 
amphithecium. In one, a single periclinal 
division in a quadrant cuts off an inner 
endothecial cell and an outer amphithecial 
cell which soon divides into two by a radial 
wall (Fig. 479,). in the other type, 
two vertical intersecting walls are laid 
one after the other in a quadrant cutting 
off an endothecial cell and two amphithe- 
mal cells, (Figs. 47 9, °9,). Both the 
types are found in the same sporogonium 
in the two halves of the same segment. 
Irrespective of the type of division, 
eventually, four endothecial cells are 
surrounded by eight amphithecial cells 
as seen in cross sections. Each of the 
amphithecial cell divides by a radial wall 
so that there are sixteen cells surrounding 
the four endothecial cells ( Fig. 48). 
Each of the endothecial cell soon starts 
dividing in a fashion similar to the second 
type of division of the primary quadrant, 


ie. a first vertical wall divides it into a 
smaller and a larger cell. A second wall 
— also vertical — divides the larger cell 
into two so that now in the endothecium 
itself four central cells are surrounded by 
eight peripheral ones (Fig. 49). The 
divisions in the endothecium and amphi- 
thecium are very regular. These are al- 
ways periclinal and radial in the amphi- 
thecium and produce about seven layers of 
cells ( Fig. 50). In the endothecium the 
divisions occur in all planes but are so 
regular that the four sectors of endothe- 
cium are Clearly visible in a cross section 
up to a very late stage ( Fig. 50). 

This activity continues for some time 
so as to produce a sporogonium which is 
1”-13” long. Meanwhile a good deal of 
internal differentiation occurs. The tip 
portion later expands to form the capsule 
proper, the bulk of its tissue, however, 
forming the seta. In P. stevensi a trans- 
verse section of the mature seta shows a 
single-layered epidermis, a few layers of 
closely packed ‘ cortical’ cells followed by 
two to three layers of loosely packed 
‘ cortical ’ cells showing intercellular spaces 
and a central conducting strand of very 
narrow cells ( Fig. 51). The epidermis is 
very much thickened as also one or two 
hypodermal layers. 

In P. microstomum and P. perichaetvale 
the greater portion of the cortex (of the 
seta) consists of loosely arranged cells 
(Fig. 52). The cells of the epidermis 
and the hypodermal region are very 
highly thickened. In older portions of the 
seta the thickening proceeds more and 
more inwards. 

DIFFERENTIATION OF THE CAPSULE — 
The apical cell stops functioning and in 
about one-fourth to one-third of the total 
length of the capsule region, all the cells 
stop their activity and simply enlarge 
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Fics. 37-43 — Fig. 37. C.s. tip of the growing archegonium showing apical cell with three 


immediate segments. x 1160. 
the canal. x 1160. 
apical cell. 


cell divided into egg and ventral canal cell. X 484. 


opening of the mouth ( whole mount). X 484. 
the lower cell as seen in L.s. x 1160. 


Neck canal cells lie free just below the tip. x 1160. 


Fig. 38. C.s. neck of the archegonium with six neck cells enclosing 
Fig. 39. L.s. tip of the growing archegonium showing segmentation of the 


Fig. 40. L.s. archegonium. Central 
Fig. 41. Top of the archegonium neck showing 


Fig. 42. The oospore divided into the upper and 
Fig. 43. L.s. developing zygote. 


In the upper cell a two- 


sided apical cell has been formed while in the lower it is yet to develop. x 1160. 
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“somewhat to form a conical structure of 
parenchymatous tissue — the opercular 


‚region ( Fig. 53). 


The lower portion de- 

velops into the body of the capsule. 
Generally the three outermost layers 

form the wall of the capsule, the next two 


layers give rise to the trabeculae as the 
outer air-space develops and the two 
innermost layers of the amphithecium 
form the outer wall of the spore-sac 


(Fig. 54). The outermost layer of the 
endothecium gives rise to the arche- 


-sporium, the next two layers contribute to 


the inner wall of the spore-sac, and the 
still inner two layers produce the trabe- 
culae of the inner air-space ( Fig. 55). 
As the body increases in diameter, the two 
spaces expand and the cells destined to 


form the trabeculae are stretched ( Fig. 56). 


The cells of the endothecium at the centre 


produce the columella which appears 


squarish as seen in cross sections. The 
cells of the archesporium are distinguish- 
able by their dense and more deeply 
stained contents than the rest of the 
tissues. 

The archesporium along with the inner 
and outer wall layers of the spore-sac 
appears more or less squarish as seen in a 
cross-section ( Fig. 57)." But soon after 
the division of the cells of the arche- 
sporium, it becomes four-lobed ( Fig. 58 )!. 
This is because the tissue grows actively 
and it has to accommodate itself in a 
lesser space. The four lobes correspond 
to the four angles of the squarish colu- 
mella. The columella extends into each 
of the four lobes as a ridge of tissue. As 
the capsule matures and the archesporium 
forms the spore mother cells and later the 
spores, the four folds of the archesporium 
stretch, extend outwards ( Fig. 59) and 
finally become more or less circular in 
outline. The cells of the capsule wall 
divide further and the wall becomes four 
to five cells thick when mature. The 


1. Only one-half is shown in figure. 


53 


epidermal layer is distinct, each cell being 
separate from the other and papillate in 
shape ( Fig. 60). 

Fig. 61 is a longisection of the sporo- 


gonium (diagrammatic), showing its 
different parts. The apophysis is rudi- 
mentary. 


EPIPHRAGM — In between the oper- 
culum and the body of the capsule is 
present a shield-shaped membrane which 
is an expansion of the columella and known 
as epiphragm ( Dixon, 1924). 

ANNULUS — It is a ring of very small 
cells on the lower margin of the oper- 
culum. These cells break down when the 
capsule is mature and cause dehiscence 
of the capsule. Below the annulus is a 
region of distinctly smaller cells forming 
the rim of the theca to which the peri- 
stome teeth are attached (Fig. 61A ). 

PERISTOME — In P. stevensis and P. 
microstomum it consists of a single row of 
32 solid teeth at the upper end of the body 
of the capsule. The number of peristome 
teeth in P. perichaetiale is only 16. It 
develops from a series of concentric rows 
of cells just below the operculum. As seen 
in a transverse section all layers of the 
cells of the amphithecium except the 
outermost one take part in the formation 
of the peristome. Cavers (1911; vide 
Fig. 72 ) has shown that repeated divisions 
take place in a single annular series of cells 
and several-curved dividing walls appear. 
These cells grow to produce the charac- 
teristic teeth. In the three species in- 
vestigated by us, the structure of the 
mature peristome is similar to that 
described by Cavers. However, it has not 
been possible for us to determine if the 
cells that produce the peristome teeth are 
one cell high and undergo divisions in the 
manner described by Cavers or are several 
cells high from the very beginning. Alter- 
nate groups of cells of the concentric rows 
divide by vertical walls a few times as seen 
in a transection ( Fig. 62). Thus a region 
of smaller cells definitely alternating with 
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Fics. 44-47 — Fic. 44. L.s. growing sporophyte with two apical cells. x 1160. Fig. 45. L.s. 


sporophyte showing foot region. x 484. 
the top as seen in c.s. X 1160. 


Figs. 46, 47. Development of sporophyte starting from 


Figs.’ 48-52. 
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groups of larger rectangular cells ( Fig. 63 ) 
could be made out. Then the smaller cells 
elongate to form straight linear cells while 
the larger cells at the sides become U- 
shaped, so that when the peristome is 
mature each tooth has got a central pillar 
of straight comparatively thick-walled 
cells bounded on the sides by limbs of the 
U-shaped cells ( Fig. 63A ). 

CALYPTRA — As a result of the stimulus 
of fertilization, the wall of the venter 
originally of 2 to 3 layers divides many 
times so that it becomes four to six layers 
in thickness (Fig. 64). The wall also 
increases in circumference and its cells 
become heavily thickened. Some cells of 
the outermost layer project out in the 
form of papillae which grow further, 
become septate and very much branched 
( Fig. 65). These elongate structures are 
also thick-walled and grow extensively 
so that the calyptra mostly consists of 
branched interwoven threads or hairs. 
As the growing sporogonium elongates, 
the developing venter of the archegonium 
is detached from the base and is carried 
up by the growing tip to form a protective 
cover. 

More than one archegonia are fertilized 
in a single plant and even the sporophytes 
start developing but generally only one 
sporogonium reaches maturity. However 
it is not very uncommon to find two 
mature sporogonia in a single head. In 
P. microstomum the usual number of 
sporogonia in a single head varies from 
2 to 4. The development of the sporo- 
phyte in all the three species is identical. 

SPOROGENESIS — The sporogenesis is 
quite normal. The cells of the arche- 
sporium divide many times and result in 
the formation of numerous tetrahedral 
spore mother cells. The latter separate 
from one another before meiosis takes 
place. At leptotene stage of prophase, 
thin thread-like chromosomes appear. 
The homologous chromosomes pair and 
condense to form seven bivalents of various 


shapes at diakinesis. Figs. 66 and 67 show 
the bivalents at diakinesis in P. stevensii 
and P. perichaetiale respectively. At 
metaphase the chromosomes come to lie 
in a plate at the centre. One bivalent in 
P. stevensii and P. perichaetiale which is 
incidentally the smallest ( Figs. 68, 69) is 
precocious and separates earlier than the 
rest. Meiosis I is normal and seven 
chromosomes go to each pole ( Fig. 70). 
Meiosis II is also regular and the four 
nuclei move towards the periphery of the 
spore mother cell. Cytokinesis is simul- 
taneous and results in the formation of 
spore. tetrads +( Fig. -71). The.‘spores 
seem to be 100 per cent viable. All the 
stages of meiosis from prophase to tetrad 
are found in the same capsule. 

P. microstomum was studied cytologi- 
cally at Mussoorie and Darjeeling, Hima- 
layas. Fourteen bivalents have been 
counted in the spore mother cells ( Fig. 
72). The course of meiosis is normal and 
four apparently viable spores are or- 
ganized from each spore mother cell 
( Fig. 73). One bivalent is smaller in size. 
It often disjuncts precociously ( Fig. 74 ). 
Pandé & Chopra (1957) have reported 
n=7 in this species collected from Maha- 
baleshwar, Western Ghats. 


Discussion 


SYSTEMATIC POSITION OF THE PoLy- 
TRICHALES — For a long time it had been 
the custom to divide musci into three 
sub-classes, namely the Sphagnales, Andre- 
aeales and the Bryales. Cavers (1911) 
taking into consideration the suggestions 
made by Lorch (1908) and Fleischer 
(1911) remarked, ‘In this group, i.e. 
Bryales, we can distinguish four sharply 
marked types of peristome structure, upon 
which it is probably justifiable to split up 
the higher mosses into four independent 
series co-ordinate with the Sphagnales 
and Andreaeales.— It would be better 
to raise Fleischer’s sub-groups of Bryales 


er 


Fics. 48-52 — Figs. 48-50. Development of sporophyte as seen in c.s. Figs. 48, 49. x 1160. 


Fig. 50. x 484. 


microstomum respectively. 


320: 


Figs. 51, 52. Part of the t.s. of seta showing anatomy of P. stevensii and P. 
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into independent groups — Tetraphidales, 


_ Polytrichales, Buxbaumiales and Eu- 
Bryales. ” After stating this he gave the 


characteristic feature of these groups. 

Brotherus ef al. (1924, 1925) divided 
the Musci into three sub-classes as usual 
and the Bryales into three series — 
namely Eu-Bryinales (equal to Caver’s 
Tetraphidales and Eu-Bryales), Bux- 
bauminales and Polytrichinales. Dixon 
( 1924 ) divided the sub-class Bryales into 
two clans — the Nematodonteae and the 
Arthrodonteae. The latter includes Eu- 
Bryales of Cavers and the Nematodonteae, 
the other three groups and the Schisto- 
stegales (included in Eu-Bryinales of 
Brotherus and Bryideae of Reimer’s ). 
Thus he partly accepted Caver’s sequence 
of classification. 

Reimers ( 1954) has divided the Musci 
into five sub-classes and deals with them 
in the following order — Sphagnidae, 
Andreaeidae, Bryidae (including Tetra- 
phidales), Buxbaumiidae and Polytri- 
chidae. Thus he has accepted Caver’s 
grouping to a large extent but not his 
sequence of presentation. 

The following features indicate that the 
Polytrichales are a primitive group; so 
their consideration should precede that of 
the Eu-Bryales or Bryidae. 

1. The plants are radially growing and 
perennial, sprouting from the centre of the 
male inflorescence. 

2. Whereas in the higher mosses, the 
leaf grows by means of a two-sided apical 
cell, in the Polytrichales the lamina of the 
leaf grows by a two-sided apical cell, but 
the growth of the proximal sheathing 
portion is intercalary. Thus the Poly- 
trichales are nearer the ancestors of mosses 
and leafy liverworts. 


3. In some species the spermatogenic 
cell is cut off by three cell walls instead 
of two, characteristic of higher mosses. 

4. The solid peristome teeth develop 
from several layers of cells. 

5. Archesporium is massive. 

6. All the Polytrichales investigated so 
far have shown seven chromosomes or a 
multiple of seven. On the other hand, 
in the higher mosses there is a great 
diversity in the number of chromosomes 
( Delay, 1938-53; Yano, 1928-1929; Lowry, 
1954; Tischler, 1931, 1936, 1938 and 
Vaarama, 1950, 1953). 

Bryan (1917) wrote, ‘If the number 
of neck canal cells is an indication of 
primitiveness, the most advanced group 
of mosses has the most primitive arche- 
gonium yet described among Bryophyta.” 
What seems paradoxical to Bryan is 
another proof that the Polytrichales are a 
group of primitive mosses. 

This is further confirmed by the obser- 
vations of Walton ( 1920 ), ‘ One relatively 
unimportant fact which has apparently 
escaped the notice of those who have 
examined the specimens is that the leaves 
are not uniformly distributed over the 
stem, but at certain places are more 
densely grouped together.— This character 
recalls the grouping of the perichaetial 
leaves in the living genus Polytrichum—. 
There seems little doubt that Muscites 
polytrichaceus was a Moss ”. 

The chromosome number of P. micro- 
stomum is interesting since to our know- 
ledge it is the first case of polyploidy in 
the genus Pogonatum. In this connection 
it is pertinent to point out that in this 
species the stem is thicker, leaves are 
broader and number of sporogonia from 
a single head is generally 2-4. In contrast 
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Fics. 53-59 — (amr, amphithecial region; arch, archesporium; col, columella; enr, endothecial 


region; ep, epiphragm; epl, epidermal layer of the wall of the capsules; ‘as, inner air space; ims, 
inter-cellular space ; iss, inner wall of the spore sac; ods, outer air space; op, operculum; oss, outer 
wall of the spore-sac; peri, peristome; vc, ridge of the columella ; ss, spore-sac; tr, trabeculae; wi, 
wall of the capsule). Fig. 53. L.s. capsule, opercular region. x 130. Figs. 54-56. Part of the 
c.s. of capsule region showing its differentiation into various layers. Figs. 54, 55. x 148. Fig. 56. 
x 320. Figs. 57-59. C.s. ( diagramatic ) of capsule of different ages showing the formation of folds 
of archesporium which again stretch out when capsule matures (only half of the section has been 
shown). Fig. 57. x 130. Figs. 58, 59. x 82. 


Figs, 60-74. 
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to this the diploids of this genus met with 


- in Mussoorie and Darjeeling have com- 


paratively thinner stems, narrower leaves 
and usually one sporogonium per head. 
Incidentally it may be mentioned that the 
polyploid Atrichum species also possesses 
more sporogonia than the diploid species 
( Chopra & Bhandari, unpublished ). Fur- 
thermore, it may be emphasized that 
in view of the investigations of Pandé & 
Chopra ( 1957 ) there are two intraspecific 
chromosomal races within P. microstomum. 
The present investigation reveals that the 
polyploid race of the genus is located in 
the Himalayas while the diploid race 
in South India. Further investigations 
on cytogeography are in progress. 


Summary 


The life history of genus Pogonatum 
( three species, P. stevensit, P. microstomum 
and P. perichaetiale ) has been studied. 

Spore germination is normal and 
protonema shows two types of branches 
— the rhizoids and the ordinary green 
filaments. The plants are perennial and 
unbranched. The stem grows by a three- 
sided apical cell but the segmentation is 
different from that in leafy liverworts. 

The distal part of the leaf grows as in 
other mosses by a two-sided apical cell 
and bears the lamellae on the upper surface 
but the proximal sheathing portion is 
produced by intercalary growth. 

Each antheridium grows by means of a 
two-sided apical cell. The apical cell of 
the stem is not utilized in the formation 


of the antheridium. Three cell walls are 
laid down in each segment of the anther- 
idial apical cell so as to cut off a sper- 
matogenic cell toward the centre. Further 
development of the antheridium is 
normal as described by earlier workers. 
Paraphyses are interspersed among an- 
theridia. 

The structure and development of arche- 
gonium and the sporophyte is also normal 
as described by earlier authors. How- 
ever, at one stage during the development 
of the sporophyte the archesporium along 
with the inner and outer walls of the spore- 
sac is furrowed longitudinally into four 
lobes and the central columella is four- 
winged. The archesporium is developed 
from the outermost layer of endothecium. 
A peristome of a single row of 32 or 16 
solid teeth is developed from several 
layers of amphithecium. Sporogenesis is 
normal and the chromosome number is 
n=7 in P. stevensii and P. perichaetiale. 
P. microstomum from Mussoorie and Dar- 
jeeling shows the chromosome number 
n=14 and it has been noted on the basis 
of the study of Pandé & Chopra ( 1957 ) 
that there are two intraspecific chromo- 
somal races in this species. 

The present study confirms Caver’s 
(1911 ) suggestion that Bryales should be 
split up into four groups of a rank co- 
ordinate with Sphagnales and Andreaeales. 

Our sincerest thanks are due to Professor 
P. N. Mehra for his criticism and sugges- 
tions and also to Mr A. H. Norkett of the 
British Museum of Natural History for 
determination of the species of Pogonatum. 
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Fics. 60-74 — (an, annulus; arch, archesporium; col, columella; ep, epiphragm; gdc, group of 


vertically dividing cells; gic, group of larger cells; gsc, group of smaller cells; vas, inner air space; 
iss, inner wall of spore-sac; oas, outer air space; op, operculum; oss, outer wall of the spore-sac ; 
peri, peristome; sic, straight cells; rth, rim of theca; wc, U-shaped cells; wl, wall ye Fig. 60. A part 
of the wall of capsule in c.s. showing papillate cells of the outermost layer. x 320. Fig. 61. L.s. ( dia- 
gramatic ) capsule showing various parts. x 30. Fig. 61A. A part of the opercular region of the 
capsule in ls. showing‘ peristome and its attachment. x 320. Figs. 62, 63. Part of the c.s. of 
capsule at the upper end of the body showing development of the peristome. x 484. Fig. 63A. Two 
adjacent peristome teeth ( whole mount ) showing straight and U-shaped cells. x 67. Fig. 64. Part 
of c.s. venter of archegonium after it has started development to form calyptra. x 484. Fig. 65. 
A portion of the hair of calyptra after teasing. x 484. Figs. 66, 67. Seven bivalents at diakinesis 
during meiosis in P. stevensii and P. perichaetiale respectively. x 1160. Figs. 68, 69. Precocious 
separation of one of the bivalents in P. stevensii and P. pevichaetiale respectively. Fig. 68. x 1320. 
Fig. 69. x 1160. Fig. 70. Chromosomes at anaphase during meiosis I. x 1160. Fig. 71. Formation 
of tetrad spores in mother cell in P. stevensii. x 1320. Fig. 72. Fourteen bivalents in P. micros- 
tomum. X 1320. Fig. 73. Formation of spores in mother cell in P. microstomum. x 1320. Fig. 74. 
Precocious separation of smallest bivalent in P. microstomum. X 1320. 
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MORPHOGENETIC STUDIES ON 
OSMUNDA CINNAMOMEA L.—THE ORIGIN AND EARLY 
DEVELOPMENT OF VEGETATIVE FRONDS 


T. A. STEEVES & W. R. BRIGGS 


Biological Laboratories, Harvard University, Cambridge, Mass. & 
Department of Biological Sciences, Stanford University, Stanford, California 


Introduction 


The general morphology of Osmunda 
cinnamomea L., as well as seasonal morpho- 
logical changes, have been described in 
detail in an earlier report (Steeves & 
Wetmore, 1953). In that paper, certain 
aspects of leaf growth, particularly the 


development of cataphylls and sterile and 
fertile fronds and a seasonal periodicity 
in the initiation of leaf primordia at the 
shoot apex were considered. The develop- 
ment of the leaf in this species is a com- 
plex and lengthy process involving long 
continued apical growth, a distinct coiling 
which leads to the formation of the charac- 
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teristic fern crozier, and finally the uncoil- 
ing and expansion of this crozier. It 
seemed likely that a systematic study of 
this series of developmental events might 
yield information of considerable interest. 
Consequently an investigation has been 
undertaken which will explore the com- 
plete development of vegetative or foliage 
fronds from inception at the shoot apex 
to final maturity. 

The present paper will describe the 
origin and early development of fronds 
up to the time of their final expansion and 
maturation. It will be followed by a 
second article in which the final expansion 
and maturation will be described. It is 
intended that this information shall serve 
as a foundation for a detailed histological 
and physiological analysis of leaf develop- 
ment in this species. The auxin relation- 
ships during leaf expansion, the mecha- 
nism of crozier uncoiling, and the factors 
responsible for the cessation of elongation 
in the axis or rachis of the leaf will be the 
subjects of future communications deriv- 
ing from this study. 


Materials and Methods 


Plants of O. cinnamomea were obtained 
from a swampy wood near Bedford, 
Massachusetts. Some were gathered in 
the spring, at the appropriate stage of 
development. Others were collected 
during the fall and stored in a cold room 
at 4°C. until moved into a greenhouse for 
use as needed. In this way, it was possible 
to have plants at many stages of develop- 
ment ready for a single experiment, and 
to extend the period during which growing 
material could be obtained from a scant 
two months to more than four. When 
histological preparations were needed, the 
required tissue was fixed in Craf III 
fixative (Johansen, 1940) for 24 hours. 
It was then washed overnight in running 
tap water, dehydrated in an ethyl alcohol- 
n-butyl alcohol series ( Pratt & Wetmore, 
1951 ), embedded in rubberized paraffin, 
and sectioned at 10 microns on a rotary 
microtome. The sections were mounted 
on slides and stained with Heidenhain’s 
iron-alum haematoxylon. A 1 per cent 
solution of safranin in 50 per cent ethyl 
alcohol was used as a counterstain. 


STEEVES & BRIGGS — MORPHOGENETIC STUDIES ON O, CINNAMOMEA 61 


Observations 


The leaves of O. cinnamomea are arrang- 
ed in a close helix ascending to the base 
of the apical cone. New leaves are pro- 
duced in succession at the rim of the apical 
cone just at the basal margin of the surface 
prismatic layer of enlarged, vacuolate 
cells which is characteristic of the ferns. 
Earlier workers ( Hofmeister, 1862; De- 
Bary, 1884; Bower, 1923 ) have generally 
indicated that in the leptosporangiate 
ferns the leaf arises from a single cell of 
the prismatic layer. Campbell (1930) 
has stated that the origin of leaves in the 
Osmundaceae is similar to that of more 
advanced Leptosporangiatae. Wardlaw, 
however, has more recently demonstrated 
( 1949b ) that, in Dryopteris at least, the 
leaf primordium in its initial stages cannot 
be traced to the segmentation of a single 
prismatic cell. Rather, he has found that 
a group of such cells is involved. The 
results of the present investigation of leaf 
formation in O. cinnamomea are in close 
agreement with Wardlaw’s findings. 

The earliest stages of leaf development 
in O. cinnamomea are best studied in trans- 
verse sections of the apical meristem, for 
in these it is possible to locate accurately 
the positions of the next two or three 
primordia from a knowledge of the phyllo- 
taxy. Close examination of these posi- 
tions reveals that the first indication of 
leaf formation is an increased rate of cell 
division in a rather large area (several 
cells in diameter ) at the base of the apical 
mound between two older primordia 
(Gier 1). © Thisvis- seen» in thewearliest 
stages by a somewhat smaller size of the 
cells in the presumptive leaf position, and 
by an arrangement of cells which is less 
regular than that in the prismatic layer 
of the meristem as a whole. Almost 
simultaneous with this surface activity is 
the initiation of cell divisions in the under- 
lying tissues, indicating the beginning of 
the vascular strand of the leaf primordium. 
Thus the leaf primordium is, essentially 
from its inception, in continuity with the 
vascular system of the shoot. This finding 
is in agreement with Wardlaw’s observa- 
tions on Dryopteris (1956 ). 

Observations on the initial stages of 
leaf primordia in longitudinal section 
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extend the observations on transverse 
sections (Fig. 2). It may be seen that 
there have been both periclinal and anti- 
clinal divisions of the meristematic cells 
at the surface, and, accompanying this, 
‚active cell divisions in the sub-surface 
layers. Continued cell division, followed 
by cell enlargement, produces the first 
evidence of a mound (Fig. 3). At about 
the time that a mound becomes visible, 
one cell at the surface enlarges consider- 
ably and becomes the tetrahedral apical 
cell which functions as an initial through- 
out the remainder of apical growth of the 
leaf (Fig. 3) ( Bower, 1926 ). 

Thus the leaf of O. cinnamomea arises 
from a group of cells of the apical meris- 
tem, not from a single cell, and therefore, 
is comparable in origin to the leaf of the 
seed plants. Furthermore, the leaf pri- 
mordium is not produced entirely by 
superficial cells, although these do provide 
the major portion of its bulk. The pri- 
mordium, however, does differ from that 
of a flowering plant in that, at an early 
stage, a single apical cell is set off which 
functions thereafter as an initial cell in 
leaf apical growth (Wardlaw, 1949b, 
1956). 

The young leaf primordium develops 
through the activity of its pyramidal 
initial which cuts off segments from its 
three lateral faces. The apical cell is 
immediately surrounded by a group of 
large cells, its derivatives, which are highly 
vacuolate. These cells, however, soon 
divide again, both periclinally and anti- 
clinally, so that the apical cell and its 
immediate derivatives appear to be sur- 
rounded by a basket-like zone of smaller 
cells (Fig. 4). The initial differentiation 
of the vascular trace in the leaf is acropetal, 


and occurs almost immediately behind 
the apical cell and its associated large 
derivatives. Within several cells of this 
group, distinctly elongated procambial 
cells may be noted (Fig. 4). 

Almost from the time of its emergence 
as a visible mound, the leaf primordium 
is distinctly inclined toward the center of 
the shoot apex so that its apical cell group 
is tilted forty-five or more degrees from 
the vertical. This inclination appears to 
result from a combination of two pheno- 
mena. In part, the whole leaf is tipped 
by extensive cell division and cell enlarge- 
ment in the developing cortical region of 
the rhizome below it ( Fig. 4). However, 
the leaf itself is also distinctly bent into 
a hook as the result of more extensive 
development in the abaxial portion of the 
leaf than in the adaxial region. This is 
comparable to the type of development 
reported by Wetmore & Pratt ( 1949) for 
the maidenhair fern. It results in part 
from an extension of the cell enlargement 
and vacuolation in the cortex up into the 
base of the leaf on the abaxial side, and 
in part from more active cell division in a 
transverse plane on that side. 

Ocular micrometer measurements of 
cell length in the abaxial and adaxial 
ground tissue were made on a number of 
primordia such as that shown in Fig. 4. 
These measurements indicate (Table 1 ) 
that there is a slight but consistent differ- 
ence in cell length in these two regions, 
the ratio of abaxial to adaxial cell length 
in the primordia studied ranging from 
1:06 to 1:18. On the other hand, if the 
numbers of cells in longitudinal rows 
from base (line 1-2, Fig. 4) to apex 
were counted, there were nearly twice as 
many cells abaxially as adaxially. This 
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Fics. 1-6 — Fig. 1. T.s. of leaf primordium (arrows) at earliest recognizable stage of develop- 


ment. ; 
approximately the stage shown in Fig. 1. 


Adaxial face of primordium at top. x 190. Fig. 2. L.s. of leaf primordium (arrow) at 
Adaxial face on left. x 185. 
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primordium at slightly later stage showing first evidence of mound and of distinct apical cell. 
Adaxial face on right. x 190. Fig. 4. L.s. of leaf primordium at later stage showing apical cell 
and its immediate derivatives, differentiating leaf trace and distinct tilting and bending of primor- 


dium. 


Line 1-2 indicates approximately the base of primordium. x 90. Fig. 5. L.s. of upper 
portion of older leaf showing the distinct apical hook characteristic of this stage. 


Conspicuous 


longitudinal rows of cells, indicating active cell division, are evident just below hook on adaxial 


side (right) of the leaf trace. x 47. 
crozier formation. x 48. 


Fig. 6. L.s. of apical portion of leaf shortly after onset of 
( Figs. 1-3 by E. Ashby.) 
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TABLE 1— TYPICAL CELL LENGTHS AND CELL NUMBERS IN ABAXIAL AND) 
ADAXIAL GROUND TISSUE OF INDIVIDUAL PRIMORDIA 


RATIO 


RATIO AVERAGE CELL NUM BER} 


—A= 


PRIMORDIUM AVERAGE CELL LENGTH (u)* 


aa = = i rey 5 ay 

Abaxial Adaxial Abaxial/Adaxial Abaxial Adaxial Abaxial/Adaxial 

a 325 2755 1:18 DI 14:0 1:69 | 

b 26:2 24-8 1-06 43-7 27:0 1-62 | 
© 27-0 23-1 17 27-0 13-0 2:08 


*Each value an average of 20 measurements in a single primordium. 
+Each value represents the average of the number of cells in three rows. 


observation, however, was hampered by 
the difficulty of establishing a correct base 
line, and by the absence of clear rows of 
cells. Thus, the bending of the leaf pri- 
mordium results from a combination of 
more active transverse cell division on the 
abaxial side than on the adaxial side, 
resulting in the production of more cells, 
together with a slightly greater cell en- 
largement in the abaxial region. The 
difference in rate of cell division, however, 
is clearly the major factor contributing to 
the bending. 

Following the inception of the leaf, 
there is a long period of development, 
approximately three years (Steeves & 
Wetmore, 1953), during which the pri- 
mordium increases in size but undergoes 
no drastic changes in organization. During 
this period, the leaf attains a height of ten 
to fifteen millimeters in ordinary cases. 
In this growth, the primordium appears 
to be extended in large part by apical 
growth, through the activity of its apical 
initial; but it retains a constantly hooked 
tip (Fig. 5). As in the bending of the 
younger primordia, the hook results pre- 
dominantly from more active cell division 
in the abaxial region than adaxial, but a 
small difference in cell size also contributes 
to the phenomenon as indicated by ocular 
micrometer measurements. The extreme 
difficulty of establishing a meaningful base 
line has made the counting of cells in the 
hook difficult; but all such counts which 
were made showed a difference in cell 
number comparable to, or sometimes 
greater than, that found in younger pri- 
mordia. 

Since apical growth continues actively 
during this period but the configuration 


of the apical hook does not change: 


markedly, it is evident that a continued 


unbending must occur behind the tip. 
This appears to be accomplished by a more 


rapid rate of cell division in the adaxial 
part of the leaf than in the corresponding 


abaxial region just behind the hook, 
thereby removing the inequality in cell: 


number which is associated with the forma- 
tion of the hook. Direct evidence for 
this process can be observed in developing 
leaves in the occurrence, just below the 
hook, of conspicuous rows of cells in the 
adaxial region, suggesting recent active 
cell division in the transverse plane ( Fig. 
5). While such rows also occur to a 
certain extent in the abaxial region, they 
are considerably less extensive. 

There is, however, one rather serious 
drawback to this observation, as well as 
to all subsequent observations on cell 
number and on cell size. The observa- 
tions apply only to the parenchymatous 
ground tissue outside the leaf trace. Be- 
cause of the difficulties involved in the 
study of elongate procambial cells, it has 
been impossible to evaluate their possible 
role in the several developmental pheno- 
mena which are presented in this report. 

During the fourth growing season ( the 
last before final expansion above ground ) 
a rather drastic change takes place in the 
development of the leaf apex. At this 
time there is an acceleration of apical deve- 
lopment in the hook which is not balanced 
by unbending, with the result that the 
leaf apex begins to describe a plane spiral 
path, and thus to form the characteristic 
crozier (Fig. 13). It is clear, since the 
entire crozier may be formed in a single 
season, that there is an acceleration of 
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apical growth at the beginning of crozier 
formation. The slow unbending which 
occurred at earlier stages appears to conti- 
nue; but it has thus far not been possible 
to evaluate the extent to which this is 
comparable in rate to that which occurred 
earlier. 

Fundamentally, the development of 
the crozier represents a continuation of 
the growth pattern which produced the 
hook at earlier stages ( Figs. 6, 7,8). In 
the parenchymatous tissues external to 
the vascular trace, the coiling process is 
associated with more active cell divisions 
in the abaxial region than in the adaxial 
region. The differences in cell numbers 
in comparable rows abaxially and adaxi- 
ally were considerably greater in the early 
stages of crozier formation than they had 
been in previous phases of leaf develop- 
ment. Approximate counts from an ad- 
mittedly arbitrary base line showed, in 
general, three to four times as many cells 
in abaxial longitudinal rows as in com- 
parable rows in the adaxial region. No 
attempts have been made to obtain counts 
in croziers having more than a fraction of 
a coil formed. Ocular micrometer mea- 
surements of cell length in croziers at 
various stages of development have indi- 
cated that there are still differences in cell 
length comparable to those observed in 
earlier stages between the abaxial and 
adaxial regions. In some cases the differ- 
ences were greater than those observed 
in earlier stages, but in no case did the 
abaxial-adaxial ratio of cell sizes exceed 
1:5. Moreover, the tendency for increased 
differences was not a consistent one. It 
is concluded, therefore, that although cell 
size differences may contribute slightly to 
the coiling process, the major factor in- 
volved is more active cell division resulting 
in a larger number of cells in the abaxial 
region. 

In the later stages of crozier develop- 
ment, there are periodic bends which are 
rather acute, superimposed upon the 
general curvature (Fig. 7). In the 
regions of these bends, there appear to be 
rather pronounced differences in cell size, 
the cells in the adaxial region being dis- 
tinctly smaller than those in the abaxial 
region (see Fig. 7, arrow). Possibly 
these local differences could result from a 


mechanical compression of the cells on the 
inside as a result of the deflection of the 
growing tip by the confining outer coils. 
It must be borne in mind that all of the 
above considerations pertain only to the 
tissues outside the leaf trace, as was the 
case with the bending of younger primor- 
dia, and that the role of the trace itself 
in the coiling has not been considered. 

The onset of crozier formation is asso- 
ciated with a number of striking changes 
in the pattern of differentiation of the 
leaf. The portion of the leaf which 
develops while the tip is in the form of a 
simple hook becomes a flattened basal 
region. That which is formed in the 
crozier becomes the pinna-bearing rachis 
which ultimately uncoils and expands 
above ground. The leaf base is a broad 
and flattened structure with flaring mar- 
gins. It is typically narrow at its extreme 
base, widens towards the center, and 
remains broad up to the base of the 
crozier (Fig. 12A). In the region just 
behind the hook, prior to the onset of 
coiling, there is active cell division in all 
the tissues outside the leaf trace. At 
any level in the leaf base, as maturation 
proceeds, meristematic activity is pro- 
gressively restricted to the marginal re- 
gions where it leads to the broadening of 
the leaf (Fig. 11). - Ultimately, the 
lateral meristematic activity is restricted 
to a few cells which function as initials 
giving rise to the thin, flaring wings. In 
the case of the cataphylls, this marginal 
activity is very extensive just below the 
crozier ( Steeves & Wetmore, 1953 ). 

In its course through the leaf base, the 
single leaf trace undergoes a considerable 
change in size and shape. As the trace 
enters the leaf base from the cortex of the 
rhizome, it is small and has the form of a 
somewhat flattened C (Fig. 11). There 
is a single protoxylem mass in an endarch 
position. As the trace passes through the 
base, it undergoes a progressive increase 
in size which becomes marked in the region 
of transition to the rachis. This increase 
in size is accompanied by a progressive 
change in shape to that of a broadened 
horseshoe and an increase in number ( 25 
or more) of protoxylem masses which is 
accomplished by subdivision of the ori- 
ginal (Fig. 10). In one typical leaf in 
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Hic. 12 — Leaves removed from an apical bud. A, crozier development complete, ready to 
uncoil; B, crozier development just beginning. Contrast size of basal region in these two stages 


(Scale in mm). 


which measurements were made, the 
broadest diameter of the trace was over 
four times as great at the base of the 
crozier as at the point of entrance into the 
leaf, and the tissues were not yet mature 
in the upper region. The increase in size 
of the trace is difficult to interpret on a 
physiological basıs, since presumably all 
of the water and organic nutrients which 
it conducts must pass through the narrow 
basal region. Possibly the increase facili- 
tates the passage of water from the non- 
living conducting cells to the living tissues 
around them. 

As crozier formation is about to begin 
in any leaf, there is a marked change in 
the pattern of marginal growth ( Fig. 13 ). 
The leaf becomes thicker in the dorsiv en- 
tral direction and there is a progressive 
restriction of the extent of marginal acti- 


Fics. 7-11 — Fig. 7. L.s. 
formed. Arrow indicates sharp bend in 
crozier pir. tomuncoliney x 102. Bigs 9251s: 
formation. x 87. Fig. 10. T.s. of mature 


of crozier with approximately one 
rachis. 
of rachis in crozier, 
leaf 


vity, until, at the base of the crozier, it is 
completely lacking and the rachis has a 
roughly oval outline, flattened, somewhat 
on the ventral face ( Fig. 10). This out- 
line is continued throughout the formation 
of the crozier and is consequently charac- 
teristic of the mature rachis. The change 
from base outline to rachis outline is not 
abrupt, but rather is a gradual transition. 
It is in large part a change in the distri- 
bution of marginal growth, which, in the 
basal region occurs along the entire edge 
of the fear and in the crozier is a 
to localized areas, resulting in the forma- 
tion of paired pinnae. 

Because of the coiled condition of the 
crozier, it is extremely difficult to study 
the initiation and development of pinnae. 
Pinnae arise in acropetal sequence close 
to the advancing tip of the leaf. They 


one-half turns already 
23. Fig. 8. L.s. of completely developed 
showing early stage of pinna 
Note large leaf trace, 


and 


rachis above base. 


absence of flaring margins and sclerenchyma strands, and appearance of hypodermal zone. X 14. 


isn 11) “sy of leaf base 


margins, 


prior to crozier 


uncoiling. 
and strands of immature sclerenchyma. 


Note small leaf trace, flaring, 


14. 


wing-like 
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Fig. 13 — Apical portion of developing leaf 
just at the beginning of crozier formation. The 
characteristic heavy mat of hairs has been dis- 
sected away. X 12. 


appear to develop as marginal outgrowths 
involving a number of cells rather than 
from a single initial ( Fig. 9). Their sub- 
sequent ontogeny has not been investi- 
gated in detail. Although pinna forma- 
tion replaces the generalized marginal 
meristematic activity of the basal region, 
it is not clear that the two processes are 
truly comparable. The one leads to the 
development of photosynthetic laminar 
tissue bearing veins, and the other merely 
produces a narrow wing. 

Certain other changes accompany the 
striking alteration in shape of the leaf axis 
as crozier formation begins. Chief among 
the external changes is a marked increase 
in hairiness of the leaves. Throughout 
leaf development, hairs are formed by 
repeated periclinal divisions of epidermal 
cells. At the beginning of crozier develop- 
ment, the density of hairs is greatly in- 
creased, and this enhanced formation 
continues throughout crozier formation 
( Fig. 12A ). 

Associated with the change in shape of 
the leaf axis at the onset of crozier develop- 
ment, several additional histological modi- 
fications have been noted. Particularly 
striking is the appearance of mucilage 
sacs, brightly staining cells which occur 
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within the endodermis in patches on the 
inner face of the bundle, and in two patches 
laterally on the outside ( Fig. 10). These 
are not present in the basal region. Also, 
the region which will become rachis, the 
portion formed within the crozier, deve- 
lops a sclerotic hypodermal zone several 
cells in thickness (Fig. 10) and composed, 
when mature, of elongate thick-walled 
elements. This zone is lacking in the 
basal region. On the other hand, the 
basal region is characterized by extensive 
development of hard, black sclerenchyma 
strands which end rather abruptly just 
below the base of the crozier (Fig. 11). 
Typically, one of these is found in an 
abaxial position just behind the leaf trace, 
and a variable number of short strands 
are present in the flaring marginal region 
where they follow an obliquely ascending 
course from the median region toward the 
edge (Figs. 11, 12A, arrow). In the 
rachis portion of the leaf, some scleren- 
chyma is found between the arms of the 
leaf trace, but none is present outside the 
trace except the hypodermal zone men- 
tioned above. 

It is apparent from direct observation 
that growth in length in the basal region 
does not cease at the onset of crozier 
formation. For example, in one typical 
case, a leaf in which crozier formation was 
just beginning had a base 12 mm long, 
whereas a leaf of the same plant just 
ready to uncoil had a basal region 50 
mm in length, indicating an approximate 
4-fold increase (cf. Fig. 12A, B). The 
tissues of the leaf base are slow to mature, 
and, in fact, are not completely mature 
in most fronds at the time of the beginning 
of expansion of the crozier above ground. 
Some increase in length appears to occur 
even during this final phase of leaf deve- 
lopment. This increase results not only 
from cell enlargement, which is pronounc- 
ed in the latter stages of development, but 
also from cell division, at least in the 
tissues outside the leaf trace. The inter- 
pretation of the mechanism of elongation 
is complicated by the histological com- 
plexity of the leaf base, and it is. quite 
possible that, whereas the parenchyma- 
tous tissues undergo extensive cell division, 
the vascular tissue and sclerenchyma may 
well show only cell elongation. In the 
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leaf trace, final differentiation is long 
delayed, and only in the last stages are 
anything but a few helical tracheids differ- 
entiated. Similarly, the sclerenchyma 
is slow to mature. On the other hand, 
the epidermis does not seem to keep pace 
with the enlargement processes within it, 
with the result that the cells are pulled 
apart and distinct gaps are left in the 
surface skin. This is not true in the 
rachis region of the frond which develops 
above ground. 

Reference has previously been made to 
the continued unbending of the leaf tip in 
the early stages of leaf development, be- 
fore crozier formation begins. It appears 
that this process continues after crozier 
formation has begun, with the result that 
there is added to the upper portion of the 
leaf base a segment which was formed in 
the crozier. This is evident from the 
cross-sectional outline, the hairiness and 
the histological characteristics of the 
region immediately below the crozier, just 
before final uncoiling occurs (Fig. 12). 
This uncoiling, however, is slight in com- 
parison with that which takes place during 
the following season. A process of en- 
largement is also apparent in the coils of 
the crozier itself, and this leads to the 
loosening which makes possible the conti- 
nued development of new coils within the 
outer coils (Fig. 8). The lengthening of 
the crozier without uncoiling is accom- 
panied by extensive cell division in the 
parenchyma external to the leaf trace, 
retaining, however, the original inequa- 
lities, and little or no net enlargement of 
the cells. However, the parenchyma en- 
closed within the arms of the trace enlarges 
considerably, and presumably undergoes 
a correspondingly smaller amount of cell 
division. The nature of changes in the 
procambium is not clear. 

At the end of the fourth growing season, 
the frond has approximately three com- 
plete coils or turns, and is ready for the 
rapid uncoiling and expansion above 
ground during the first part of the follow- 
ing growing season (Fig. 8). At this 
stage a further development is noted in 
the ground tissue external to the leaf trace. 
Measurements of cell length show that the 
slight difference in cell size between abaxial 
and adaxial regions has disappeared in the 


outer coils of the crozier by the onset of 
winter dormancy. At this stage, then, 
the coiled condition represents entirely a 
difference in cell number on the two sides 
of the leaf rachis. This equalization pre- 
sumably comes about as part of the 
changes associated with the loosening of 
the coils. In the interior of the crozier 
close to the leaf tip, the inequalities in cell 
size are still retained at this time. 

A striking feature of leaf development 
during the first four seasons is its extreme 
slowness. At the end of the first growing 
season, in which they were initiated, the 
fronds are less than 1 mm in height. At 
the end of the second season, a year later, 
they have an average length of 1-5 to 
20 mm. During the third season they 
increase to an average of roughly 15 mm 
and at the end of the fourth, just prior to 
final expansion, they have attained an 
average height of 50 to 60 mm. This 
slow growth is in sharp contrast to growth 
during the fifth season which is the sub- 
ject of a subsequent article. However, 
because of the coiled nature of the top- 
most portion of the leaf, the measurements 
given above are not a completely accurate 
measure of the extent of apical growth. 


Discussion 


The observations reported in this article, 
together with those of a subsequent paper 
on the final stages of leaf expansion, are 
intended primarily as a background for 
further detailed studies of leaf develop- 
ment in O. cinnamomea. However, cer- 
tain of the phenomena described here pose 
interesting considerations which are per- 
haps best discussed immediately. It is 
apparent that leaf development in this 
species is an extremely complex process 
involving a number of events which occur 
in sequence and according to a definite 
pattern. Moreover, with the possible ex- 
ception of the very earliest stages, this 
development appears to be controlled 
within the leaf itself since the leaf can 
develop in sterile nutrient culture com- 
pletely isolated from the parent plant 
(Steeves & Sussex, 1957). The value of 
such a self-contained morphogenetic sys- 
tem for experimental study does not need 
to be emphasized. 
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The origin of the leaf of O. cinnamomea 
from a group of cells of the apical meristem 
and its essentially immediate continuity 
with the vascular system of the stem is in 
general conformity with the pattern of 
leaf development in the seed plants. 
However, in later development there are 
important differences. At a relatively 
early stage a single apical cell is set off 
from the surrounding cells and this func- 
tions as an initial cell during the remainder 
of leaf apical growth. A feature of inter- 
est in the development of fern leaves in 
general is their long continued apical 
growth; and this characteristic is well 
illustrated in O. cinnamomea where active 
growth at the leaf apex continues for four 
growing seasons. This is in sharp con- 
trast to the early cessation of leaf apical 
growth which is characteristic of most 
flowering plants (Foster, 1936). The 
leaf, however, is a determinate organ; and 
its apex, unlike that of the whole shoot, 
ultimately ceases its growth and differen- 
tiates completely. The factors respon- 
sible for this ultimate cessation of apical 
growth are at present unknown; and they 
pose an interesting problem for future ex- 
perimental study. 

The coiled condition of leaves prior to 
final expansion and maturation is com- 
monly called circinate vernation (Gray, 
1850) and is a general characteristic of 
the fossil and living ferns ( Eames, 1936 ). 
There are, however, exceptions to this 
general plan of leaf development in the 
ferns as in the Ophioglossales, some small- 
leaved species of the Hymenophyllaceae 
( Goebel, 1930), in certain species of 
Pteris which show an arching of the rachis 
but not a true crozier ( Goebel, 1930 ), and 
in Pteridium aquilinum which resembles 
Pteris in this respect ( Webster, 1957). 
A tendency toward this mode of leaf 
development has been noted in certain 
genera of the cycads ( Chamberlain, 1935 ) 
in which the rachis is distinctly arched. 
In some cases the pinnae, and even the 
rachis itself, are reported to be truly cir- 
cinate; but this is certainly not a common 
condition in the group. Circinate verna- 
tion is, however, clearly present in a 
few species of flowering plants, notably 
Drosera, Drosophyllum and some members 
of the Utriculariaceae and Sapindaceae 
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( Goebel, 1933). It is a mode of growth 
which is of ancient origin in the vascular 
plants even though its occurrence has 
apparently always been sporadic. It is 
characteristic, as has been mentioned, of 
the fossil ferns including at least some of 
the primitive Coenopteridales (Eames, 
1936 ), and is also found among the seed 
ferns. The circinate condition is also 
evident in the coiled axis of Psilophyton 
and certain other Devonian land plants, 
although in these cases the organ involved 
is not a leaf. | 

The functional significance of the coiled 
pattern of leaf development has been con- 
sidered by Bower (1923) and especially 
by Goebel (1930, 1933). It has been 
regarded by these authors as providing 
spatial accommodation in leaves with long 
continued apical growth and at the same 
time offering protection for the delicate 
terminal embryonic regions. Whatever 
may be the validity of such considerations, 
Goebel was able to show that a correla- 
tion exists between long-continued apical 
growth in the leaf and the occurrence of 
circinate vernation. 

Apart from general observations point- 
ing out that the adaxial coiling of the 
developing fern leaf results from greater 
growth abaxially than adaxially, there 
appears to have been no previous analysis 
of the processes by which this unequal 
growth comes about. In O. cinnamomea 
the major process involved in this pheno- 
menon is more extensive cell division 
abaxially than adaxially in the developing 
leaf, at least in so far as the ground tissue 
outside the leaf trace is concerned. It is 
also true that the cells on the abaxial side 
are slightly larger; but this difference 
would appear to contribute much less to 
the coiling process than does the differ- 
ence in cell number. Its contribution, 
however, cannot be ignored. On photo- 
graphs of longitudinal sections of leaves 
in various stages of development, approxi: 
mate measurements were made of the 
length of rows of cells close to the abaxial 
and adaxial surfaces from the base of the 
coiled portion to the leaf apex. The 
differences in length which were found 
gave an indication of the magnitude o: 
the growth differences responsible for the 
bending or coiling. In all cases it was 
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necessary to invoke both differences in 
cell number and differences in cell size in 
the abaxial and adaxial regions of the 
specific leaves measured in order to 
account for the differences in linear dis- 
tance along the inner and outer regions. 
These observations verify the existence 
of a real difference in cell size and demons- 
trate its importance in the unequal growth 
which is responsible for coiling. 

It would be of considerable interest to 
know the nature of the controlling mecha- 
nism which is responsible for the unequal 
development within the leaf, but at pre- 
sent only a few speculations are possible. 
The tendency to coil, although it does not 
lead to an actual crozier until the fourth 
growing season, is apparent almost from 
the time of the emergence of the primor- 
dium in the distinct bending of this out- 
growth towards the shoot apex. At this 
stage of development, the curvature 
appears as a manifestation of the charac- 
teristic dorsiventrality of the leaf. Al- 
though the problem is by no means 
completely solved, strong evidence ( Ward- 
law, 1949a; Sussex, 1951, 1955) has been 
presented which indicates that the dorsi- 
ventrality of the leaf results from its one- 
sided spatial relationship to the shoot 
apex, and may, in fact, represent the 
operation of an inhibitory influence of the 
apex upon the side of the leaf primordium 
facing it. The unequal growth in pri- 
mordia of O. cinnamomea is reasonably 
interpreted on this basis. 

However, the most remarkable aspect 
of inequality in the growth of the leaf is 
the retention of this characteristic, along 
with other manifestations of dorsiventra- 
lity, long after the leaf is outside the 
immediate sphere of influence of the shoot 
apex. The differential growth manifests 
itself just behind the advancing leaf apex 
and is apparently localized in this terminal 
region. It is, in fact, largely compensated 
up to the stage of crozier formation, by a 
slow unbending or equalization slightly 
farther back from the leaf apex. It would 
be of considerable interest to know how 
this tendency is retained within the meris- 
tematic tip after it has once been estab- 
lished there in an early primordial stage. 
It is hoped that this problem may be 
approached by experimental methods. 
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The production of the coiled crozier 
during the fourth growing season repre- 
sents a continued manifestation of the 
growth pattern already established. The 
major change involved is an unexplained 
acceleration of apical growth, with its 
inherent inequalities, which is not com- 
pensated by the slow unbending or equa- 
lizing activity basal to it. In the progres- 
sively lengthening interval between the 
leaf apex and the region of equalization 
at the base of the crozier, cell division 
continues actively and leads to a continual 
loosening of the coils of the developing 
crozier. Since the crozier does not uncoil 
at this stage, but merely enlarges, it is 
clear that the original unbalance is re- 
tained to a considerable extent. When 
crozier development is complete, however, 
the inequality is somewhat: different from 
that which prevailed during the formation 
of the crozier in that inequalities in cell 
size have been eliminated. At this stage, 
the difference between the abaxial and 
adaxial regions of the leaf is one of cell 
number only, and one which is not equa- 
lized until the fifth and final growing 
season when the crozier uncoils. 

From the point of view of the operation 
of controlling factors in leaf development, _ 
the beginning of crozier formation with 
its acceleration of leaf apical growth would 
appear to be a critical stage for further 
study. This stage is of interest not only 
because of the change in growth rate, but 
also because of other associated develop- 
mental changes including the beginning of 
pinna formation and the pronounced 
change in shape of the main axis of the 
leaf. An experimental study of this phase 
of development, particularly with the aid 
of the methods of sterile culture, may be 
expected to yield information of consider- 
able interest. 


Summary 


The leaf of Osmunda cinnamomea arises 
from a group of cells of the apical meristem 
near the base of the apical cone. At 
about the time that a distinct mound 
appears, a single apical cell is set off which 
functions as an initial throughout the re- 
mainder of leaf apical growth. Almost 
from its inception, the primordium is bent 
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into a hook-like form toward the center of 
the apical meristem, primarily as a result 
of more active cell division in the abaxial 
region than in the adaxial region of the 
tissue outside of the leaf trace. The cells 
are also slightly larger abaxially than 
adaxially; and this appears to be a less 
important, but still significant, factor in 
the bending of the primordium. The leaf 
develops for about three years with a dis- 
tinctly hooked tip which continually un- 
bends as it grows. In the fourth growing 
season, there is an acceleration of apical 
growth only slightly compensated by un- 
bending, which leads to the formation of 
a coiled crozier containing approximately 
three turns. It is considered that the 
growth processes which produce the hook- 
ed tip and which lead to crozier formation 
are the same as those which are responsible 
for the bending of the primordium at an 
earlier stage. When the crozier is com- 
pletely formed, the difference in cell size 
between the abaxial and adaxial regions 


PHY TOMORPHOLOGY 


has been eliminated at least 
outer coils so that the coiled condition 
represents a difference in cell number 
only. The rather striking contrast in 


organization between the basal region of 
the leaf and the pinna-bearing rachis | 
is considered in! 


formed in the crozier 
some detail. The significance of several 


of the observations reported here is dis-) 


cussed. 
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THESGAMETOPHYIE OF AELMINTHOSTACHYS 
ZEYLANICA HOOK. (PRELIMINARY REPORT ) 


YOSHITOMO NOZU 


Botanical Institute, Faculty of Science, University of Tokyo, Japan 


In January 1958, I made a visit to 
Kumejima Isle, Ryukyu Islands, and 
found numerous gametophytes of Hel- 
minthostachys zeylanica. Most of them 
showed young sporophytes of various ages 
attached to them (Fig. 1) and in rare 
cases two gametophytes developed as 
shown at the top of right side of Fig. 1. 


spot sg 


The gametophyte is subterranean and 
grows at a depth of 3-7 cm below the soil 
level. It is relatively large, multilobed 
and variable in size, mostly 2-3 mm in 
diameter, rarely more. The surface is 
brown, excepting the meristematic region, 
and is roughened by small protuberances 
or irregular projections. Large numbers 


Fic. 1 — Gametophytes of Helminthostachys zeylanica with young sporophyte attached. x 0:8. 
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of unicellular brownish rhizoids are 
present on the whole surface. 

In the course of the collection I also 
found several gametophytes of Ophio- 
glossum vulgatum, all with young spo- 
rophytes attached to them. As in Hel- 
minthostachys, the gametophyte is sub- 
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at a. depth eoims 
It consists 


terranean and occurs 
to 6 cm below ground level. 


of a small slender, irregular and tuberous 


body of a brownish colour bearing num- 
erous short brown rhizoids. A detail- 
ed account will be presented in the near 
future. 


STUDIES OF MORPHOGENESIS IN THE NYMPHAEACEAE — 
III. SURGICAL. EXPERIMENTS ON LEAP 
AND BUD FORMATION 


EFIZABERHEGZECUERER 


Department of Botany, University of Manchester, England 


Introduction 


In this paper are recorded the results of 
experiments in which factors which may 
affect leaf and bud formation in Nuphar 
and Nymphaea have been investigated by 
surgical treatments of the apical meristem. 
In the ferns, surgical experiments in which 
leaf primordia of various ages, and also 
presumptive primordium sites, were iso- 
lated by various systems of incisions from 
the subtending shoot apex and adjacent 
primordia, have yielded important infor- 
mation about the development of leaves 
and buds. Wardlaw (1949a) made the 
initial discovery that, in Dryopteris ari- 
stata, the presumptive site of the next leaf 
primordium to arise (/,) would develop 
as a bud and not as a leaf if it were isolated 
from the shoot apex by a deep tangential 
incision. Later it was shown that the 
three youngest visible leaf primordia 
(P,-Ps) could also be induced to develop 
as buds if isolated before they had attained 
a certain stage of development ( Cutter, 
1956). After puncturing the shoot apex 
one or more buds were formed, sometimes 
in leaf positions ( Wardlaw, 1949b, 1950; 
Wardlaw & Cutter, 1955 ). More recently 


Steeves ( unpublished; cited by Wetmore, 
1956 ) has shown that in Osmunda cinna- 
momea the four youngest leaf primordia 
can develop as buds when excised on plugs 
of tissue and grown in aseptic culture. 
Similarly treated older primordia develop 
as small leaves of normal morphology 
( Steeves & Sussex, 1957). In-theseiferns; 
therefore, leaves and buds are topograph- 
ically homologous. It is consequently 
of some importance to discover whether 
the leaf primordia and presumptive leaf 
sites of flowering plants possess similar 
potentialities for bud development. In 
the normal development buds are more 
frequently found on or near the apical 
meristem in angiosperms than in ferns, 
usually in axillary positions. 

Similar surgical experiments have pre- 
viously been carried out on various angio- 
sperms, both with this end in view and in 
the course of investigations on other 
problems. Buds, however, have never 
been induced in leaf positions, and isolated 
leaf primordia or leaf sites have developed 
either as normal dorsiventral leaf pri- 
mordia (Snow & Snow, 1931, 1954), or 
as radially symmetrical leaf primordia 
( Sussex, 1951, 1955; Snow & Snow, 1942, 
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1954). These experiments were carried 
out on Lupinus albus, Solanum tuberosum 
and Epilobium hirsutum, all of which have 
fairly small apices and either decussate or 
(2+3) spiral phyllotaxis. From these 
results it appears either that in these 
species leaf positions are not capable of 
development as buds, or that determina- 
tion of a growth centre as a leaf occurs 
at an earlier stage of development. Since 
both leaves and buds ultimately origi- 
nate from similar groups of cells of the 
apical meristem, the first of these alter- 
natives may virtually be rejected at the 
outset. 

The apex of mature plants of Dry- 
opteris aristata is large by comparison with 
that of these species of flowering plants, 
and the leaf primordia, which are of small 
relative size, are not in contact, phyllo- 
taxis being intermediate between (3-5) 
and (5+8) spiral systems. In this 
species, leaf determination takes place at 
an earlier stage of leaf development, as 
measured in plastochrone intervals, in 
apices of sporeling plants with a (2+3 ) 
phyllotactic system than in apices of 
mature plants with higher systems 
(Cutter, 1955). In angiosperms, also, 
leaf development is known to be slower 
and more gradual, at least as it affects 
vascular differentiation, in apices with 
higher spiral systems of phyllotaxis 
(Priestley, Scott & Mattinson, 1937; 
Esau, 1943, 1954; Girolami, 1953). On 
theoretical grounds, therefore, it would 
seem that induction of buds in leaf sites 
would be most likely to be successful in 
an angiosperm with a relatively large apex 
and a high system of spiral phyllotaxis. 
Such apices are to be found in mature 
plants of Nuphar lutea (L.) Sm. and 
Nymphaea alba L. Both have apices of 
approximately 0-5 mm diameter, and leaf 
primordia which are not in contact at their 
bases; Nuphar lutea has a (3+5), and 
Nymphaea alba a (5-8), spiral system 
of phyllotaxis. Moreover, as described in 
a previous paper (Cutter, 1957a), “ pre- 
Sumptive leaf sites”, i.e. sites in the 
genetic spiral, have alternative potentia- 
lities in the normal development of these 
species. In both species flowers are 
formed at leaf sites; in Nymphaea alba 
vegetative buds also occupy leaf positions, 
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but in Nuphar lutea they are axillary. 
Consequently Nymphaea would seem to be 
the more promising material for an in- 
vestigation of the potential developments 
of leaf sites and the factors involved in 
determining the destiny of the growth 
centres: unfortunately, however, this spe- 
cies proved to be less amenable to ex- 
perimentation than Nuphar lutea. 


Materials and Methods 


The tips of mature rhizomes of Nuphar 
lutea and Nymphaea alba were collected 
from meres and canals in the neighbour- 
hood of Manchester, scrubbed clean and 
trimmed to a length of about 10 cm. All 
roots were excised, and the persistent 
hairs removed from the interfoliar regions 
of Nymphaea rhizomes. Young leaves and 
flowers were then excised and the apices 
laid bare as described previously ( Cutter, 
1957a). The surgical treatments were 
carried out under a binocular microscope 
at a magnification of about x 30, or some- 
times at higher magnifications. Incisions 
were made with fragments of thin safety 
razor blades held in watch-makers’ forceps, 
and rough puncturing of the apex was 
effected with a sharpened steel sewing 
needle. After the operation had been 
carried out, the specimen was drawn under 
a binocular microscope at a magnification 
of x65, using a camera lucida. Sub- 
sequent drawings were made with the 
same apparatus, usually at weekly inter- 
vals or more frequently. 

After treatment the specimens were 
either submerged in jars of water, either 
un-aerated or continuously aerated by 
means of a small pump, or were placed in 
pans of peat or vermiculite, the apices 
being first covered with pads of moist 
cotton wool. None of these methods 
proved wholly satisfactory as a means of 
maintaining growth. When submerged 
in either running or still tap water, still 
canal water, or a small pond, the apices 
usually became infected with bacteria: 
when maintained in pans of peat or 
vermiculite the bases of the pieces of 
rhizome often began to decay after a time, 
and the apices were subject to attack by 
the larvae of a small fly, which it was 
difficult to exclude. On the whole, peat 
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was found to be the most successful 
medium, and by this method it was usually 
possible to maintain specimens in a healthy 
condition long enough to obtain the result 
of the experiment. In many instances 
apices of Nymphaea alba failed to grow 
at all under these conditions, and accord- 
ingly the majority of the experiments were 
carried out on rhizome apices of Nuphar 
lutea. 

Experimental material was fixed either 
at the end of an experiment or at ap- 
propriate intervals during its course. 
Material was fixed and sectioned using 
the methods previously described ( Cutter, 
1957b ). In the illustrations certain con- 
ventions are observed throughout: in all 
surface views of apices and in illustrations 
of transverse sections, the position of the 
next leaf to arise at the time of the begin- 
ning of the experiment ( /,) is towards the 
top of the page; in illustrations of longi- 
tudinal sections, the shoot apex is towards 
the right. In the drawings of surface 
views of apices the approximate extent 
of the apical meristem is indicated with a 
broken line, and the sub-apical region is 
stippled. 


Experimental Results 


ISOLATION OF LEAF PRIMORDIA AND 
Lear SITES — In a considerable number 
of specimens of Nuphar lutea either the 
presumptive site of J, or of J,, or the 
youngest visible leaf primordium P,, was 
isolated from the apex by a wide and deep 
tangential incision. In occasional speci- 
mens additional radial and/or abaxial cuts 
were also made. Most of the P, primordia 
isolated were in early plastochrone, ie. 


L.s. shoot apex wit] 
P, (left) in early plastochrone. P, forms a fla 


Fic. 1 — Nuphar lutea. 


mound on the flank of the meristem. x 134. 


just visible as flat mounds on the flank 
of the apical meristem (Fig. 1). Iı 
all, 38 P, primordia, 38 J, positions and 
10 J, positions were isolated in this 
way ( Table 1). Surface views of select 
ed specimens at various times during 
the experiments are illustrated in Figs 
2-19. | 

Table 1 is compiled from records ol 
observations made at the time of eacl 
experiment. Its columnar divisions art 
somewhat arbitrary; for example, there i 
no fundamental difference between a1 
isolated area which gave rise only to a lea 
primordium, and one which gave rise to : 
leaf primordium with an adjacent regioı 
of meristematic tissue which did not forn 
a bud. 

In column 7 of Table 1 are groupe 
together those isolated primordia or pri 
mordium sites which either underwen 


eee 


TABLE 1— EFFECT OF ISOLATING YOUNG LEAF PRIMORDIA OR LEAF SITES 
OF NUPHAR LUTEA BY A DEEP ADAXIAL INCISION 


PRIMORDIUM TOTAL DORSI- 


LEAF + BUD Bup DOMED No GROWTI 
OR SITE No. VENTRAL OR ADJACENT GROWTH OR 
ISOLATED LEAF PR. MERISTEM* UNCERTAIN 
Um 10 2 u — 6 
Un 38 2 4 6 17 
Pe 38 6 1 3 16 


*This column comprised all those specimens in which the isolate 
as a dorsiventral leaf primordium and had tissue adaxial or late 
to form a bud or merely remained as a small area of meristem 


d growth centre develope: 
ral to it which either was organize 
atic tissue. 


TETE 


1958 ] 


- no further growth after isolation or which 
grew for insufficient time for their ultimate 
destiny to be clearly evident. The reasons 
for this result were diverse. Some of those 
which did not grow at all were isolated 
by a cut which was close to their pre- 
sumptive position and which must have 
damaged the growth centre; others were 
isolated by a system of two or more cuts 
which resulted in the growth centre being 

situated on a relatively small panel of 
tissue which readily became desiccated 
and ceased growth. Still other isolated 
growth centres grew for a time but the 
specimens were ultimately lost due to 
insect damage, or to fungal or bacterial 
attack. 

In the remaining specimens, growth 
usually took place initially over the 
whole of the isolated area of tissue. The 
results of isolations of 7, and J, sites 
and of P, primordia were essentially 
similar. At first general growth took 
place ( Figs. 3, 6), and in the case of P, 
isolations the original P, primordium early 
became obscured by the growth of the 
adjacent tissues (Figs. 9, 10). Some 
“specimens were fixed or otherwise lost at 
this stage; results from these are entered 
in column 6 of Table 1 under the heading 
“ domed growth ”. Subsequently a slight 
peak could be observed in an abaxial 
position on this dome-shaped mound 
( Figs. 7, 10); at this stage the peak was 
without doubt an integral part of the 
general growth abaxial to the cut. The 
former later became distinguishable from 
the rest of the growth, and could be 
recognized as a dorsiventral leaf primor- 
dium, with meristematic tissue adaxial 
( or more seldom lateral ) to it ( Figs. 8, 11, 
13-15). It is noteworthy that the adaxial 
face of this primordium did not become 
clearly demarcated from the rest of the 
general growth for some considerable time, 
indeed usually not until after the next 
younger primordium, e.g. J, or I,, had 
become quite distinct from the surrounding 
meristematic tissue of the main apex 
(Figs. 7, 10, 11). In some specimens 
the meristematic tissue adaxial or lateral 
to this leaf primordium became organized 
as a bud (Figs. 8, 14-16); in others 
(possibly when a smaller area of tissue 
was available, though the camera lucida 


CUTTER — STUDIES OF MORPHOGENESIS IN THE NYMPHAEACEAE 77 


Surface views of a 
specimen in which the J, presumptive position 


Fics. 2-4 — Nuphar lutea. 


was isolated by a deep adaxial cut. ( Damaged 
tissue cross-hatched ). Fig. 2. At the beginning 
of the experiment. Fig. 3. Twelve days later. 
Abaxial to the cut there is a fairly extensive 
domed growth (d. g.), which rises to a peak in a 
position rather towards P,. Fig. 4. Nineteen days 
after the beginning of the experiment. Abaxial 
to the cut there is a bud with two leaf primordia. 
The older of these is probably J, itself, but if 
so it has been displaced considerably towards 
P,. I, and I; have been formed on the main 
apex Alls 232} 


Fics. 5-8 — Nuphar lutea. (d.g., domed growth). An apex in which the J, position was 
isolated by a deep adaxial incision, and subsequently developed as a dorsiventral leaf primordium 
with a bud in its axil. Fig. 5. One day after the beginning of the experiment, showing the 
position of the cut. Fig. 6. Six days later. There is considerable growth abaxial to the cut, 
mainly concentrated at J, itself. Fig. 7. Twelve days after the beginning of the experiment. 
At J, there is a rather abaxially situated swelling, which is beginning to appear dorsiventral. 
Fig. 8. Twenty-four days after the beginning of the experiment. J, itself has gradually become 
delimited from the general growth, and is now a dorsiventral leaf primordium with a bud in its 


axil. The leaf primordia of the bud are in spiral sequence with J,. The cut is now gaping 
widely. All. x 32. 


drawings do not provide very conclusive 17-19). In still other specimens ( Table 
evidence for this), no bud was organiz- 1, column 3) only a dorsiventral leaf 
ed, but a meristematic area remained primordium was formed abaxial to the 
adjacent to the primordium (Figs. 11, cut. 
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The initial dome-shaped growth which 
occurred over the region of tissue isolated 
by a deep cut was superficially somewhat 
similar to the buds induced by a similar 
operation in the fern Dryopteris aristata, 
and indeed in a few instances the growth 
obtained in Nuphar lutea was recorded as 
a bud (Table 1, column 5 and Figs. 2-4). 
This interpretation is supported to some 
extent by the fact that leaf primordia 
subsequently formed on the adaxial bud 
were in phyllotactic sequence with the 
abaxial leaf primordium. Most of the 
isolations recorded as “‘ buds’ in Table 1, 
however, could be interpreted either as 
buds with their first leaf primordium in 
an approximately abaxial position, or as 
leaf primordia with buds axillary to them. 
Close observation indicated that in the 
majority of the specimens the results 
obtained were in fact similar, whether 
the growth centre isolated was P,, /,, or 
I,. The final result may have been 
correlated with the area of tissue abaxial 
to the cut. From observation of certain 
specimens in which the cut was made 
just in the axil of P, primordia, and 
from the fact that in some specimens only 
dorsiventral leaf primordia with no asso- 
ciated buds were formed, both from 
isolated P, primordia and from J, and J, 
sites ( Table 1 ), it was concluded that the 
isolated growth centre itself developed 
as a leaf, adjacent meristematic tissue 
developing as a bud in some instances. 
The leaf primordium obtained was of 
approximately normal size in relation 


2 = 


Fics. 9-11 — Nuphar lutea. (6, bract; F, 
flower; m, meristematic tissue; s, sepal). A 
specimen in which P, was isolated in early 
plastochrone by a deep cut which was placed 
as nearly as possible just in its axil. Fig. 9. One 
day after the cut was made. Fig. 10. Twelve 
days after the beginning of the experiment. 
There is a fairly conical growth at P,, which is 
probably becoming dorsiventral. The cut is now 
gaping open quite widely. Fig. 11. Twenty-four 
days after the beginning of the experiment. 
Most of the tissue abaxial to the cut has under- 
gone growth, rising to a marked peak in an 
abaxial position, at P, itself. A dorsiventral leaf 
primordium is developing here; it is slightly less 
well defined on its adaxial face than the younger 
primordium /,. Meristematic tissue (m) which did 
not become organized as a bud is present adaxial 
to the leaf. See also Figs. 32 and 36. All. x 32. 


Fias. 12-15 — Nuphar lutea. (db, bract; F, flower). An apex in which P, was isolated i 
early plastochrone by a deep cut placed close in its axil. Fig. 12. One day after the cut wa 
made. Fig. 13. Twelve days after the beginning of the experiment. There is some rather conic 
growth rather abaxially at P,; this is probably dorsiventral. Some fairly flat growth is prese 
adaxial to it. The cut is now gaping widely. Fig. 14. Twenty days after the beginning of t 
experiment. The leaf primordium in an abaxial position at P, is now clearly delimited from t 
rest of the growth. In its axil is an area of tissue which is apparently a bud. See also Fig. 1 
Fig. 15. Four days later. At P, there is a dorsiventral leaf primordium which is now quite dij 
tinct, apparently turned slightly from its normal orientation towards the bud in its axil. P, 
of normal size and is correctly situated with respect to P, and P,, though displaced in an abaxi 


direction. Incipient leaf primordia are arising on the bud in the axil of P,. See also Figs. 37-3 
All x32. 


% 


to other leaf primordia, but was usually The development of the bud which wa 
somewhat displaced in an abaxial direction sometimes present cannot be considere 
from its normal position ( Figs. 8, 13-16). as identical to that of a normal axilla 
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TABLE 2— EFFECT OF ISOLATING YOUNG LEAF PRIMORDIA OR LEAF SITES 
OF NYMPHAEA ALBA BY A DEEP ADAXIAL INCISION 


PRIMORDIUM TOTAL Dorst- LEAF + BUD Bubp DOMED No GROWTH 
OR SITE No. VENTRAL OR ADJACENT GROWTH OR 
ISOLATED LEAF PR. MERISTEM UNCERTAIN 

Ihn 18 == 2 — — 16 
Py 5 == — = — 5 


bud, since in the initial stages the leaf and 
the bud were both participants in a single 
growth. 

The results obtained when the same 
experiment was carried out on a number 
of specimens of Nymphaea alba are pre- 


were obtained, since many of the apices 
failed to grow at all under the experi- 
mental conditions and, as with Nuphar, 
some were lost during the course of the 
experiment. In the two specimens in 
which a sufficient amount of growth did 


sented in Table 2. Few useful results take place, the isolated site developed as a 


Photograph of the apex illustrated in Figs. 12-15, twenty days 
À P, has developed as a dorsiventral leaf primor- 
dium; a bud is present in its axil. P, and P, are flowers. Phyllotaxis clockwise. See Fig. 14 for 


labelling, etc. See also Figs. 37-39. x 40. 


Fic. 16 — Nuphar lutea. ograph « 
after isolation of P, by a deep adaxial incision. 
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localized primordium, which in one of the 
specimens was definitely a dorsiventral 
leaf primordium with a fairly flat area of 
meristematic tissue adaxial to it ( Figs. 20, 
21). Sections of the other specimen 
indicated that this isolated primordium 
also was developing as a leaf. In 
Nymphaea alba, therefore, the limited 
results obtained were apparently in con- 
formity with those from Nuphar, and there 
was no evidence of the induction of a bud 
in a leaf site as a result of isolation. 
ISOLATION OF OLDER LEAF PRIMORDIA 
WITH ADAXIAL TISSUE — After it had been 
concluded that the correct interpretation 
of the results obtained from the experi- 
ments described above was that the growth 
centre itself developed as a leaf, some- 
times with a bud in its axil, additional 
experiments were carried out for com- 
parative purposes. In a number of 
specimens of Nuphar lutea older leaf 
primordia, e.g. Ps, P, and late plastochrone 
P,, which could clearly be seen as distinct 
primordia, were isolated by a deep adaxial 
cut which was so placed as to leave a 
variable amount of apical tissue in the 
axil of the leaf, abaxial to the cut. In all, 
2’Ps, 7 LP, and 2 late plastochrone—2, 
primordia were isolated in this way. In 
some specimens a bud was formed in the 
axil of the leaf primordium ( Figs. 22, 23); 
in others, the isolated apical tissue did not 
develop as a bud but remained flat 
( Figs. 24, 25). In both instances the leaf 
primordium remained throughout quite 
distinct from the surrounding tissue. The 
developments obtained from this experi- 
ment, therefore, resembled those obtained 
by isolating younger primordia and leaf 
sites, except that in the latter instance 


> 


Fics. 17-19 — Nuphar lutea. (b, bract; F, 
flower; s, sepal). An apex in which the site of 
I, was isolated by a deep adaxial cut. Fig. 17. 
One day after the cut was made, showing its 
position. Fig. 18. Eleven days later. There is a 
localized, conical growth at J,, which resembles 
a leaf primordium. The cut is now gaping 
fairly widely. Tig. 19. Eight days later. /, has 
developed as a dorsiventral leaf primordium of 
normal size. The meristematic tissue (m) adaxial 
to J, is not organized as a bud. The cut-is now 
gaping widely. See also Figs. 40-42. All. x 32. 


Fics. 17-19. 
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(F, flower; 
m, meristematic tissue; s, sepal; damaged tissue 


Fics. 20-21 — Nymphaea alba 


cross-hatched ). A specimen in which the 7, site 
was isolated by a deep adaxial incision. P, has 
been excised. Fig. 20. On the day the cut was 
made, showing its position. Fig. 21. Twenty- 
seven days later. A dorsiventral leaf primordium 
is present at J,, slightly displaced in an abaxial 
direction. There is a fairly considerable flat 
area of meristematic tissue (#2) adaxial to it; this 
is not organized as a bud. See also Figs. 43 and 
44. Both. x 32. 


the primordium or site itself formed part 
of the general growth, and even small areas 
of adjacent tissue initially took part in 
the growth. f 

- DESTRUCTION OF THE SHOOT APEX — 
The influence of the shoot apex upon a 
lateral growth centre can be investigated 
either by placing an incision between them 
or by destroying the shoot apex. Experi- 
ments of the latter kind have previously 
been carried out both on ferns ( Dasa- 
nayake, 1957; Wardlaw, 1949b, 1950; 
Wardlaw & Cutter, 1955) and on angio- 
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sperms (e.g. Loiseau, 1954; Pilkington, 
1929; Snow & Snow, 1955; Sussex, 
19524): 

In 13 specimens of Nuphar lutea the 
centre of the apex was punctured with a 
sharpened steel sewing needle. The punc- 
tures were rough and were purposely 
made relatively deep, the intention being 
to damage a considerable area of the 
central region of the meristem ( Figs. 26, 
27). In a further 9 specimens the tip 
of the shoot apex was excised above the 
level of the leaf primordia. Since the 
shoot apex is a relatively flat dome the 
vertical height of the tissue excised was 
not great, but the area of the wound 
resulting from the incision was con- 
siderable ( Fig. 28 ). 

These specimens survived for varying 
periods of time, some being lost at a fairly 
early stage and others giving rise to seve- 
ral new primordia before the experiment 
was terminated. These were localized out- 
growths resembling leaf primordia, and in 
those specimens which survived for a 
sufficient length of time did in fact develop 
as normal leaf primordia. P, primordia 
present at the time of the experiment 
developed as normal, dorsiventral leaf 
primordia, as also did J,, J, and 1; pri- 
mordia which were formed in the course 
of the experiment (Figs. 27, 29). No 
organized buds were formed during the 
period of observation, but in one punctured 
specimen, in which J,-/, subsequently 
formed and developed as leaf primordia, 
there was some evidence of swellings 
resembling buds on two opposite sides of 
the puncture. In 3 additional specimens 
of N. lutea the apex was first decapitated 
and then bisected by a deep cut, and in 
the two specimens so treated which sur- 
vived for a sufficient length of time one 
or more buds were formed from residual 
apical tissue. A deep cut is, therefore, 
more effective in promoting bud develop- 
ment than damage to the apex alone. 

These experiments involving the de- 
struction of the shoot apex thus apparent- 
ly support the conclusions from the 
isolation experiments: namely, leaf pri- 
mordia or presumptive leaf sites develop 
as dorsiventral leaf primordia and not as 
buds when the influence of the shoot apex 
is excluded from them. 
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Anatomical Observations 


Experimental materials were fixed at 
various stages of development, and sec- 
tioned serially either transversely or 


longitudinally. A scrutiny of these sec- 
tions confirmed the external observations. 
Anatomically, the distinctions, apart from 
size, between young developing vegetative 
buds ( Fig. 30) and leaf primordia ( Fig. 


Fies. 22-23 — Nuphar lutea. (b, bract; F, 
flower ). A specimen in which P,, which could 
be seen to be dorsiventral and clearly delimited 
at the time of the experiment, was isolated by 
a deep adaxial cut, leaving some apical tissue 
in its axil. Fig. 22. On the day the cut was 
made. Fig. 23. Twenty-three days later. A bud 
is present in the axil of P,, which is quite distinct 
from it. Two leaf primordia are present on the 
bud; the older of these is probably 7, of the main 
apex, and the other could se Dee 
Compare Figs. 24 and 25. Both. x 32. 


"7 

| 

| 

( m, meristemat! 
tissue) An apex in which Py, was isolated togethe 


Figs. 24-25 —- Nuphar lutea. 


with some apical tissue adaxial to it. An area ¢ 
apical tissue slightly smaller than that in th 
specimen illustrated in Figs. 22-23 was isolate 
by the cut. Damaged tissue cross-hatched. Fi 
24. On the day ‘the cut was made. Fig. 2 
Twenty-three days later. The Aa | 
tissue (m) adaxial to P, has undergone no ve 
tical growth and is not organized as a bud. TI 


specimen has not grown very much at a 
Compare Figs. 22 and 23. Both. x 32. | 


31) of Nuphar lutea are less clear-cu 
than between those of ferns; moreove 
the prevascular tissue, which might hax 
served as a useful criterion, is less clea: 
ly observable in the early stages of i 
development. 

Longitudinal sections of the shoot ape 
and the isolated primordium or site ü 


dicated that the centre of the shoot ape 
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Fics. 26-27 — Nuphar lutea. 
damaged tissue cross-hatched). A specimen 
in which the centre of the apex was punctured 
deeply with a needle. Fig. 26. On the day the 
puncture was made. Fig. 27. Nine days later. 
T,-/, have been formed on the apex; J, and 
I, are definitely dorsiventral leaf primordia, J, 
and J, are flat, localized outgrowths which will 
probably develop as leaf primordia. Both. x 32. 


(pu, puncture; 


was undamaged by the cut (Fig. 32). 
They showed a tilting of the shoot apex 
away from the cut, this feature being also 
evident externally; this was also pre- 
viously observed after similar experiments 
en other species of flowering plants 
(Snow & Snow, 1931, 1933). The forma- 
tion of fairly extensive wound tissue 
adjacent to the cut was also evident 
(Fig. 32), and this may have been partly 
responsible for the gaping of the cuts. 
Longitudinal sections illustrating the 
stages in development of the isolated panel 
of tissue which were also readily observ- 
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able externally are illustrated in Figs. 
34-36. Fig. 34 shows a section through an 
isolated J, site which was developing as a 
dome-shaped mound with a very slight 
projection (p) in an abaxial position. 
Fig. 35 illustrates a subsequent stage in 
the development of an isolated P, pri- 
mordium. This section shows a swelling 
comprising an incipient leaf (#), which 
has developed from the isolated P, itself, 
in an abaxial position with meristem 
adaxially. Fig. 36 shows a still later stage 
when P, is evidently a dorsiventral leaf 
primordium (2), but is still not quite 


A specimen 
in which the tip of the shoot apex was excised. 


Fics. 28-29 — Nuphar lutea. 


The area of damaged tissue (cross-hatched ) 
resulting from this was considerable. Fig. 28. 
On the day of the experiment. Fig. 29. Twenty 
days later. J, and J, have developed as 
normal, dorsiventral leaf primordia. Both. x 32. 
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delimited from the adjoining tissue. These 
sections demonstrate the close associa- 
tion in a single fairly extensive growth 
of the isolated primordium or site and 
the apical tissue adjacent to it which was 
also isolated by the cut. It is probable 
that it is the growth of this adaxial or 
lateral tissue, which was often initially of 
small area, rather than the formation of 
wound tissue which brings about the 
abaxial displacement of the primordium. 
This apical tissue, although participating 
in the initial growth of the isolated area, 
did not always become organized as a 
bud. 

Figs. 37-39 show basipetal serial trans- 
verse sections of the specimen illustrated 
in Figs. 12-16, in which an isolated P, 


developed as a dorsiventral leaf primor- 
dium with a bud in its axil, despite the 
initial placing of the cut close in the axil 
of P,. The collective evidence from such 
experiments and from those in which 
older primordia were purposely isolated 
together with adaxial apical tissue suggests 
that even quite small areas of meristem 
can eventually give rise to a bud if the 
isolated primordium participates in the 
original growth, but that similar areas of 
meristem isolated with an older primor- 
dium which does not participate in a 
general growth will not develop as buds. 
However, other factors, such as the over- 
all rate of growth of the apex, must be 
involved here as well and further infor- 
mation on this point is required. By 


Fics. 30-31 — Nuphar lutea. 
The position of the main apex is towards the right. 


extensive. 
swelling on the flank of the shoot apex. 


cells and in more deeply seated layers. Both. 


Fics. 32-36 — Nuphar lutea. 
isolated by a deep cut close in its axil. 


Fig. 31. L.s. shoot apex with P, (left). 


L.s. normally occurring vegetative bud in the axil of P, (left) 


The bud meristem is flat and relatively 
This leaf primordium is a fairly prominent 


Periclinal divisions can be seen in the second layer 0! 
x 134. | 


Fig. 32. L.s. specimen illustrated in Figs. 9-11, in which P, wa 
I . A leaf primordium is present at P,, slightly displacec 
abaxially ; a small area of meristem which is not organized as a bud is present in its axil 
the gaping of the deep cut and the formation of wound tissue along its edges tre 
shoot apex (right) is quite undamaged by the cut. 2 30. 
men in which the tip of the shoot apex (right) was excised. 
through J, (left), which developed as a dorsiventral leaf primordium. 


Not 
The centre of th 
See also Fig. 36. x 30. Fig. 33. L.s, speci 
The section passes medianl 
Note the area of th 


wound and the formation of serial rows of wound tissue beneath the cut. x 100. Fig. 34. Ls 


domed growth which developed at an isolated 7, site. 
a peak which is probably an incipient leaf primordium (p). 
P, was isolated by a deep adaxial cut, which can be seen on the right. 


The growth rises somewhat abaxially t 
x 200. Fig. 35. L.s. specimen in whic! 
A swelling is present 


which comprises an incipient leaf primordium abaxially (p), developed from P, itself, and adaxia 


meristem. 


At this stage both form part of a single growth. x 200. 


Fig. 36. L.s. specimen illus 


trated in Figs. 9-11 and 32 (isolated P, region only). P, developed as a dorsiventral lea 
primordium (p), which is not yet very clearly delimited from the area of meristem adaxial to it 


The latter is not organized as a bud. x 200. 
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Fics. 32-36. 
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Fics. 43-44 — Nymphaea alba. 
in which the J, position was isolated by a deep adaxial incision. 
leaf primordium of normal size, with a considerable flat area of meristematic tissue adaxial to it, 


which was not organized as a bud. 
wise. 


reference to the surface views illustrated 
in Figs. 14 and 15, it can be seen from 
Fig. 37 that the leaf primordium developed 
from P, is of normal size and in its normal 
position relative to the adjacent primordia 
P, and P,. At lower levels, where the 
sections pass through the adaxial bud also, 
the prevascular tissue of P, itself is still 
apparent (Figs. 38, 39). Figs. 40-42 
show basipetal serial sections of the speci- 
men illustrated in Figs. 17-19, in which 
an isolated J, site developed as a dorsi- 
ventral leaf primordium of normal size 
(Fig. 40) with some associated adaxial 
tissue which did not become organized 
to form a bud ( Figs. 41, 42). Sections 
of a similar specimen of Nymphaea 
alba, illustrated in surface view in Figs. 
my and 21, are shown _in- Figs: 43 
and 44. 


The sections are very slightly oblique. 
Fig. 21 can be used as a key to these sections. x 50. 


Basipetal t.s. of the specimen illustrated in Figs. 20 and 21, 


I, developed as a dorsiventral 


Phyllotaxis anticlock- 


Fig. 33 shows a longitudinal section of a 
specimen of Nuphar lutea in which the tip 
of the shoot apex had been excised. The 
section passes medianly through the 
excised apical meristem, showing the dia- 
meter of the wound and the formation of 
seriate wound tissue below the cut, and 
through J,, which developed as a normal 
dorsiventral leaf primordium. No bud 
was formed either in the axil of /,, where 
some tissue was available ( Fig. 33), or 
elsewhere on the apex. 


Discussion 


The results accruing from the experi- 
ments described above are, in general, in 
conformity with those obtained previously 
from comparable experiments on angio- 
sperms, but differ from those obtained 


Fics. 37-42 — Nuphar lutea. 


in Figs. 12-16, in which P, was isolated by a deep cut just adaxial to it. 
ventral leaf primordium of normal size ( Fig. 37); a bud was present in its axil. 


tissue of P, and of the bud can be seen in Fig. 39. 
Figs. 40-42. Basipetal serial t.s. of the specimen illustrated 


as a key to these sections. X 30. 


in Figs. 17-19, in which the J, position was isolated by a deep adaxial incision. 


Figs. 37-39. Basipetal serial t.s. of the specimen illustrated 


P, developed as a dorsi- 
The prevascular 
Phyllotaxis clockwise. Fig. 15 can be used 


I, developed as 


a dorsiventral leaf primordium of normal size ( Fig. 40), with some adaxial meristematic tissue 


which was not organized as a bud ( Figs. 41, 42). 


as a key to these sections. x 30. 


Phyllotaxis clockwise. Fig. 19 can be used 
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from the fern Dryopteris aristata. There 
now exists a considerable body of informa- 
tion relating to the development of the 
lateral growth centres of vascular plants, 
obtained from both observation and ex- 
perimental investigation, and while dis- 
cussing the present experiments it may be 
timely to attempt some assessment and 
synthesis of the available information, 
While it may well prove impossible to 
reach an acceptable general interpretation 
of the data, the attempt itself may possibl 
suggest future lines of enquiry. 
The initial difficulty experienced in 
interpreting the morphological develop- 
ment obtained by isolating P, primordia 
and J, and J, sites of Nuphar lutea, and the 
evidence for regarding this as a dorsi- 
ventral leaf which was sometimes asso- 
ciated with an adaxial or lateral bud have 
been discussed above. The results from 
experiments involving the destruction of 
the shoot apex support this conclusion to 
some extent; presumptive leaf sites which 
were not destroyed by the treatment 
developed as dorsiventral leaf primordia 
and never as buds. There is, therefore, no 
clear evidence of the experimental induc- 
tion of a bud from a leaf primordium or 
leaf site in Nuphar lutea, nor, so far as the 
results go, in Nymphaea alba. Similar 
results were obtained by previous workers 
on other angiosperms. In Lupinus albus 
Snow & Snow ( 1931) found that isolation 
of P,, J, or J, by a tangential cut usually 
resulted in the development of normal 
dorsiventral leaves, although in some 
instances the growth centre failed to 
develop, especially when the cut had 
isolated a region smaller than its whole 
presumptive area. Moreover, when the 
cuts passed rather far from the centre of 
the primordium or site, i.e. closer to the 
apex, buds were formed in the axils of the 
primordia. From the illustrations to this 
paper (Snow & Snow, 1931; Figs. 2, 14) 
it appears that the leaf primordia per- 
taining to these buds were in phyllotactic 
sequence with the subtending primordium. 
The results from Nuphar lutea are thus in 
close conformity with those from a similar 
experiment on Lupinus albus, carried out 
with quite a different aim as part of an 
experimental investigation of phyllotaxis. 
Isolation of the J, presumptive position 


from the apex in Solanum tuberosum also 
resulted in the development of a leaf 
primordium, but this was usually of radial 
symmetry; comparable results were ob- 
tained from a small number of similar 
isolations of J, and J, sites ( Sussex, 1955 ). 
If, however, a small area of apical tissue | 
were isolated with the leaf site, /, de- 
veloped as a dorsiventral leaf primordium 
orientated towards the bud which de-: 
veloped from this tissue; the primordia 
of the bud were in phyllotactic sequence 
withr Li (‚Sussex 1955 Fe SES Re 
results from Nuphar lutea are thus also in. 
broad agreement with those from the! 
potato in that both demonstrate the foliar, | 
and thus ultimately the determinate, 
nature of the growth of isolated leaf sites; 
in N. lutea, however, radial leaves were: 
not obtained. 

Results from puncturing or decapitation 
of the shoot apex of N. lutea, although! 
they support the main conclusion, in other 
respects conform less closely with the: 
results from similar experiments in other 
species. No regeneration of recognizable} 
buds took place from remaining apical! 
tissues during the period of observation, 
although in punctured specimens, at least, 
fairly extensive areas of tissue must have} 
been available for regeneration. It is} 
possible that regeneration might have! 
occurred had observation been continued 
for a longer time, but it certainly does not 
occur with facility in this species. Re- 
generation did take place, however, after 
decapitation accompanied by bisection off 
the apex. In ferns, the inception of one! 
or more buds follows destruction of the) 
shoot apex ( Dasanayake, 1957; Ne: 


1949b, 1950). Pilkington ( 1929 ), work- 
ing with Lupinus albus and Vicia faba, 
obtained regeneration after either decapi 
tation, bisection or a median prick, but 
stated that it was more difficult to obtain 
a positive result after decapitation. In 
Nuphar lutea, buds were formed from 
apical tissues which were isolated by a 
deep cut either from the intact shoot apex, 
or from the remainder of a damaged shoot 
apex; but they were not formed, during 
the period of observation, after more or 
less considerable damage to the centre 
the apex alone. This suggests that 
competition for nutrients is an important 
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factor controlling regeneration, and indeed 
- Sussex (1952b, 1953) has already pro 
duced evidence in support of this view. 
The question of the area and the location 
of the meristematic tissue required for 
shoot regeneration under different condi- 
tions seems worthy of further investiga- 
tion. The present experiments suggest 
that, in N. lutea, a smaller area of apical 
tissue is able to grow, initially at least, 
and perhaps develop as a bud, if a further 
area which is already determined and sub- 
sequently becomes differentiated as a leaf 
primordium is at first closely associated 
with it and both are participants in a 
general growth. 
These surgical experiments on Nuphar 
lutea have resulted in the induction of 
buds where they would not normally 
have been formed. By a similar operation 
Snow & Snow (1931) also induced the 
formation of axillary buds in Lupinus 
where none would normally have de- 
veloped at that stage in the ontogeny. 
In the normal development of Nuphar 
lutea, vegetative buds are only occasionally 
formed; they occur above the axil of a 
leaf, and, together with the axillant leaf, 
appear to occupy the position of the first 
flower of a group (Cutter, 1957a). There 
is also some evidence that their formation 
‘is seasonal. In these experiments, how- 
ever, buds were induced to develop above 
the axil of, or lateral to, certain isolated 
leaf primordia the disposition of which 
- was not related to the arrangement of the 
flowers in any fixed way. It is therefore 
possible for vegetative buds to be formed 
“above the axil of any leaf of this species. 
The growth of the induced buds did, how- 
‘ever, differ in some respects from that of 
‘normally occurring axillary buds. The 
‘experimental evidence collectively sug- 
‘gests that possible inhibitory properties 
‘of the shoot apex were not the only 
factors controlling bud formation and 
growth, but that nutritional competition 
was also involved. The importance of 
the latter in maintaining apical dominance 
“has recently been emphasized by Allsopp 
1956) and by Gregory & Veale (1957). 
The formation of a normally occurring 
vegetative bud in N. /utea might therefore 
be a response to accession of an abundant 
‘supply of nutrients, perhaps coinciding 


I 
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with a temporary inactivity of the summit 
of the shoot apex, these conditions being 
possibly correlated with the seasonal onset 
of growth. However, the evidence from 
these experiments is certainly inadequate 
to reach any general conclusion. 

The experiments described in this paper 
were undertaken with a view to investi- 
gating the developmental potentialities of 
the lateral growth centres of selected 
angiosperms. The suitability of the 
species chosen for this purpose has already 
been discussed in the introduction. Even 
in this apparently favourable material, 
however, neither the presumptive morpho- 
logical destiny of young visible leaf pri- 
mordia nor of the growth centres of /, 
and /, could be altered by the experimental 
treatments described. This finding, to- 
gether with the data from other investi- 
gations, raises several important questions 
which may now be discussed. 

From experimental evidence Wardlaw 
(1949a, 1952) has concluded that the 
fern apical meristem is totipotent, being 
capable of giving rise either to leaves or 
to buds under differing conditions. The 


‚lateral growth centres of Dryoßteris, 


which normally develop as leaves, can be 
experimentally induced to develop as buds 
at any time before a certain stage of 
development is reached ( Wardlaw, 1949a; 
Cutter, 1956). Previous observations on 
the normal development of Nuphar and 
Nymphaea indicate that the lateral growth 
centres, i.e. sites in the ‘ genetic spiral ’, 
of these plants, also have alternative paths 
of development, apparently being capable 
of development as leaves or as flowers, or, 
in Nymphaea, as vegetative buds. It is 
important, therefore, to consider whether 
it is possible to elucidate either the 
duration of this potentiality for alter- 
native forms of development, or the factors 
which eventually restrict it, i.e. the factors 
which determine the morphological destiny 
of the growth centre. 

Since it is known that in both ferns and 
angiosperms a considerable number of leaf 
primordia may be formed after damage 
to the centre of the shoot apex (Snow & 
Snow, 1955; Sussex, 1952a;.Wardlaw & 
Cutter, 1955), it may be concluded that 
under some circumstances leaf determi- 
nation can apparently take place in the 
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absence of a whole intact shoot apex. 
Consequently, in deciding at what stage 
a growth centre of Nuphar lutea becomes 
determined as a leaf, little weight can be 
given to the fact that the presumptive 
sites of J, and J,, and probably also of 
I, and 1,, developed as normal dorsiventral 
leaf primordia after injury to the shoot 
apex. Evidence from the isolation ex- 
periments is, however, more valuable: 
presumptive leaf sites which had been 
isolated from the shoot apex by a deep cut 
developed as dorsiventral leaf primordia, 
whereas adjacent cells of the apical 
meristem which had been similarly iso- 
lated sometimes developed as a bud, but 
never as a leaf. It may be inferred that 
there was some critical difference between 
these regions at the time of isolation. The 
conclusion that determination of a region 
of the apical meristem of N. lutea as a leaf 
has taken place at a stage at least as early 
as I, thus appears inescapable. From the 
work of Snow & Snow (1931) and 
Sussex ( 1955 ) it appears that the destiny 
at least of /, and sometimes of /, is also 
fixed in Lupinus albus and Solanum 
tuberosum. Since adjacent apical tissues 
are capable of bud development, the 
region of the apex of which the destiny 
becomes fixed must be quite precisely 
localized. 

The term “ determination ”, which in 
zoology signifies the fixation of the fate of 
an organ or tissue ( Needham, 1942), and 
which is used in that sense in this paper, 
has been variously used by botanists in 
the past. For example, in the early work 
of Snow & Snow ( 1931, 1933, 1947, etc.) 
this term signified the fixation of the 
precise locus of a prospective leaf pri- 
mordium (or growth centre). Since it 
has subsequently been shown that in some 
species lateral growth centres have alter- 
native paths of development, it is now of 
some importance to consider whether or 
not the morphological destiny (or sub- 
sequent development ) of a growth centre 
becomes determined at the same time and 
by the same factors as its position on the 
apex. It is evident that in Dryopteris 
arıstata these events do not coincide, for 
while the positions at least of visible 
primordia are fixed, determination of a 
primordium as a leaf may sometimes not 
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occur until P,. Previous work | 
sperms did not permit any distinctio 
to be made between the fixation of thé 
site of a growth centre and that of itt 
morphological destiny: sites in the geneti¢ 
spiral developed only as leaves, and 
attempts to induce other development 
were unsuccessful. On the basis of these 
data, therefore, there might be a funda: 
mental difference between ferns and 
flowering plants: in some. species of the 
former, at least two sets of factors whic 
do not coincide are involved in determining 
(a) the position, and (b) the future develop 
ment, of lateral growth centres; in the 
latter, these sets of factors apparently 
coincide and may well be identical 
That is, in flowering plants, the factor 
which control the sites of the growt 
centres, i.e. phyllotactic factors, may als 
simultaneously determine those growtl 
centres as foliar organs. Although at 
tempts to induce angiosperm leaf pri 
mordia to develop as buds have agail 
been unsuccessful, it is necessary ti 
consider the above hypothesis more closel 
because of certain aspects of the normä 
development of Nuphar and Nymphaed 
in which certain sites in the genetic spird 
develop, not as leaves, but as flowers and! 
in Nymphaea, as vegetative buds. Then 
seem to be two main possibilities. Firstly 
it may be that in these species also ther 
are at least two separate ( though in thil 
instance not experimentally separable} 
sets of factors controlling the developmen} 
of lateral organs: (a) Phyllotactic factor 
which fix the sites of the growth centres 
and (b) organogenic factors (includin 
growth relationships), which determi 
their subsequent development. From t 
data at present available, it is not possibl] 
to establish whether or not these two set! 
of factors act simultaneously in thes} 
species. The second possibility is that on} 
set of factors, does normally determin} 
both the site of a growth centre and if} 
development as a foliar organ, but tha 
a second set of factors can supervenl 
upon the first, causing certain growt 
centres to develop as flowers. On th] 
whole, it seems more likely that co ‘| 
parable distinct sets of factors are oper4 
tive in determining the position and th 
destiny of lateral growth centres in bot 
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ferns and flowering plants, but that the 
- temporal relationships between them 
differ, at least in some instances. 

The mechanism by which a growth 
centre becomes determined as a parti- 
cular organ is at present obscure, and its 
complete elucidation must await a fuller 
knowledge of the physiology and bio- 
chemistry of the apex. Skoog has recently 

- emphasized the importance of availability 
of the required growth factors in controll- 
ing the capacities of tissues for growth 
and differentiation (Skoog, 1954; Skoog 
& Miller, 1957). It seems to the writer 
that determination —i.e. the fixation of 
the fate of an organ — is most probably 
controlled by “ availability of the required 
growth factors” (including nutrients ) 
at a particular time during or preceding 
the inception or early growth of that 
organ. Discussing determination in in- 
sects, Wigglesworth (1954, p. 128) states 
“Determination at all levels of com- 
plexity is thus controlled by the supply 
or deficiency of specific raw materials’. 
The interaction between the supply of 
such substances and growth relationships 
in the apical meristem is one of the most 
complex problems of morphogenesis. 

Finally, the question of the duration 
of a potentiality for alternative forms of 
development in the lateral growth centres 
of pteridophytes and of angiosperms may 
be considered in more detail. In certain 
members of both of these groups of 
vascular plants some or all of the growth 
centres in the genetic spiral either can, 
or normally do, develop as either vegeta- 
tive or floral buds. These organs are 
topographically homologous! with leaf 

primordia, but it is clear that from an 
early stage they must differ radically 

not only in form but also in their meta- 
bolism and physiology. They originate 
in similar positions on the apex, and may 
initially possess certain metabolites in 
common, i.e. those which result in the 
outgrowth of a localized region of tissue. 
Up to this point, which may be repre- 
sented by a different stage of development 
in different species, the growth centres 


1. The term homologous is used in this paper to 
signify positional similarity of origin only; it 
does not imply, for example, complete physio- 
- logical similarity. 
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possess a potentiality for developing along 
more than one path; but thereafter they 
become divergent both physiologically 
and morphologically. This potentiality 
for alternative development is thus of 
variable duration. In two ferns, Dryop- 
teris aristata and Osmunda cinnamomea, 
buds have been induced to develop from 
leaf sites and from visible primordia by 
experimental treatments [ Cutter, 1956; 
Steeves, unpublished (See Wetmore, 1956) ; 
Wardlaw, 1949a, 1955]. The lateral 
growth centres of these species remain 
capable of development along more 
than one path until the stage of P, 
or P,; but this potentiality is never in 
fact expressed in the normal development. 
In Nuphar and Nymphaea, sites in the 
genetic spiral apparently possess a similar 
variable developmental potentiality to 
which, in this instance, expression is given 
in the normal development; but ex- 
periments indicate that the particular way 
in which a growth centre will develop is 
determined at a much earlier stage than 
in Dryopteris and Osmunda. A somewhat 
comparable example of variable poten- 
tiality is to be found in the angle meri- 
stems of Selaginella, which under appro- 
priate conditions can develop either as 
rhizophores or as shoots (e.g. Cusick, 
1954; Williams, 1931). In some species 
of Lycopodium small vegetative buds, 
known as bulbils, are formed in positions 
which have aroused controversy but are 
probably leaf sites (Schoute, 1938, where 
earlier literature is cited). In the fern 
Plagiogyria stolons sometimes seem to 
occur at leaf sites (Bower, 1926), but 
examination of the early stages of de- 
velopment is clearly desirable, as Bower 
( 1910 ) himself observed. The same may 
perhaps be said of Utricularia, as described 
by Goebel (1905). The occurrence in 
the growth centres of several pteridophytes 
of this potentiality for developing along 
alternative paths, in some instances 
persisting for a considerable time, and of a 
similar potentiality of shorter duration 
in the growth centres of some members 
of the Nymphaeaceae, which are con- 
sidered to be relatively primitive di- 
cotyledons, raises the question of whether 
this phenomenon may be phylogenetically 
ancient. Further extensive information 
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from all groups of vascular plants is 
required, but, if this suggestion should 
prove to have some foundation, it be- 
comes evident how the achievements of 
an experimental approach in elucidating 
the developmental potentialities — not 
always expressed in the normal develop- 
ment — of organs and tissues, and the 
critical observation of the earliest stages 
of morphogenesis, may possibly contri- 
bute not only to the study of growth but 
also to the study of phylogeny, as Ward- 
law (1952) has already emphasized. 


Summary 


In an investigation of the developmental 
potentialities of the lateral growth centres 
of Nuphar lutea and Nymphaea alba, 
young visible leaf primordia or presump- 
tive leaf sites were isolated from the shoot 
apex by a deep tangential incision. 
Primordia and sites isolated in this way 
developed as dorsiventral leaf primordia, 
sometimes with associated axillary or 
lateral buds which were formed from 
isolated apical tissues. Initially both the 
leaf primordium and the bud participated 
in a general growth. By contrast, older 
leaf primordia isolated with a variable 
area of apical tissue which sometimes 
developed as a bud remained distinct 
from the latter and did not take part in a 
general growth. Whereas in the normal 
development of Nuphar lutea vegetative 
buds occur only occasionally, above the 
axil of a leaf two plastochrones older than 
a flower, buds were experimentally in- 
duced in the axil of leaves the disposition 
of which was not related to the sequence 
of flowers in any fixed way. It is there- 
fore possible for buds to be formed in the 
axil of any leaf of this species. The 
formation of a vegetative bud in the 
normal development may be a response to 
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Introduction 


While much has been done to study 
anatomical aspects of leaf development, 
the experimental approach has attracted 
less attention. Recent studies have al- 
ready indicated, however, that valuable 
results may be expected from the applica- 
tion of experimental techniques, and in 
this field the ferns have assumed an im- 
portant position. Wardlaw (1950) and 
Cutter (1956) have performed varied 
surgical operations which demonstrate 
developmental potentialities of Dryopteris 
leaf primordia; Allsopp (1953b) and 
Wetmore ( 1954) have studied nutritional 
effects on the shape of leaves of Marsilea 
and Todea plants respectively, growing in 
sterile culture; Albaum (1938) using 
sporelings of Pteris, and Steeves & 
Wetmore (1953) who studied adult 
plants of Osmunda have demonstrated 
correlative effects on maturation rates 
of leaves; recently Sussex & Steeves 
(1953): and. Steeves. & Sussex (1957) 
have grown excised leaf primordia of 
Osmunda and Adiantum to maturity in 
sterile culture, and have studied certain 
factors which control the fertility of fern 
leaves grown in culture (Sussex & Steeves, 
1958). 

This paper reports the results of a study 
of leaf growth in Leptopteris hymenophyl- 
loides, a member of the family Osmunda- 
ceae, which differs in several morpho- 
logical features from Osmunda cinnamomea 
studied by Steeves & Wetmore ( 1953). 
The study includes an examination of bud 
structure, the growth of fronds on the 
plant under natural and experimental 
conditions, and the growth in sterile cul- 
ture of excised leaf primordia. 


| 
Description of the Plant | 
| 

Leptopteris hymenophyllotdes occurs as 
locally abundant species in open areas 0 
the floor of lowland forests throughou 
New Zealand. | 

The stem is a short, massive, rarel 
dichotomised, erect trunk which occa 
sionally attains a height of 40 cm, a 
though 20 cm is a more usual height fc 
adult plants. The trunk is extremel 
tough, and of its 6-8 cm diameter les 
than 1 cm constitutes the stem proper, th 
remainder being an investment of th 
crowded, persistant bases of many year: 
leaves. Seven to 36 mature fronds font 
a crown at the tip of the stem in adu 
plants, the usual number of fronds bein 
about 12-20. Each frond is 30-60 cı 
in length and the pinnae and pinnules a 
deeply pinnatifid. 

As suggested by the specific nam 
hymenophylloides, the fronds have a del 
cate, translucent appearance suggestix 
more of a filmy fern than a member of tl 
Osmundaceae. In large adult plan 
every frond is fertile, and it is only 
plants bearing few fronds that an occ 
sional sterile frond is encountered. Spo 
angia occur in dense patches on the low 
leaf surface. The distal pinnae and ti 
of the other pinnae of each frond a 
however, sterile. Spores are shed so 
after a frond matures but the emp 
sporangia persist for the life of the fron 
The rachis passes into a short flared ba 
which is crowded between other leaf bas 
on the short-shoot type stem. 

The expanded fronds of the crown sı 
round, and during much of the year ol 
cure from view, the apical bud in whi 
there are numerous primordial leav 
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only a few of which mature each year. 
The number of immature leaves in the 
apical bud greatly exceeds the number of 
expanded, mature fronds. Steeves & 
Wetmore ( 1953) described a similar con- 
dition in Osmunda cinnamomea, and were 
abie to determine the length of time a leaf 
developed within the apical bud before 
expansion by comparing the number of 
immature leaves with the number of 
mature leaves present. The immature 
leaves could be separated into annual sets 
by dividing their total number by the 
number of leaves which matured in the 
previous growing season. Comparison was 
facilitated by the fact that mature fronds 
persisted for one growing season only, and 
died in the fall of the year. Leptopteris 
hymenophylloides is, however, an evergreen 
species and many mature fronds over- 
winter successfully. The crown is compos- 
ed of fronds which have matured in more 
than one season, and the relationship be- 
tween the mature and immature leaves 
therefore differs from that described by 
Steeves & Wetmore ( 1953 ) for Osmunda. 

In order to determine the frond longe- 
vity from the time of inception at the 
shoot apex until death, it is necessary to 
determine the length of time each frond 
persists as a mature component of the 
crown, then to determine the number of 
leaves which mature as fronds and cata- 
phylls each year, and finally, by relating 
this number to the total number of pri- 
mordia in the bud, to determine the length 
of time a presumptive frond develops in 
the bud before it expands. 
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To obtain information on the length of 
life of mature fronds and the number of 
new fronds maturing each year, a field 
study of approximately 10 months dura- 
tion was made of 17 Leptopteris plants 
growing naturally in a forest in the 
vicinity of Wellington, New Zealand, 
at a latitude of 37°S. Observations were 
first made early in October 1954, just 
before the plants commenced their spring 
growth, and were continued until the 
following July, which is midwinter in 
New Zealand. Fortnightly visits were 
made to the area in the spring; later 
visits were made at approximately monthly 
intervals. 

When the plants were first examined 
in early spring, numerous mature fronds 
were present. The outermost were of a 
darker colour than the inner fronds of the 
crown suggesting a greater age, and were 
usually damaged, lacking parts of, or whole 
pinnae. No new fronds were visible at 
this time. New fronds begin to uncoil 
from the bud of some plants in the first 
week of October, and by mid November 
every plant had at least one partially 
expanded frond. As each new frond un- 
coiled from the apical bud, it was tag- 
ged around the rachis with a brass ring 
for subsequent identification. The over- 
wintered fronds and those which matured 
in the 1954-55 growing season were 
counted regularly. The number of fronds 
counted on the 17 plants was averaged 
and representative data, together with 
those for 4 plants of varied size, are shown 
in Table 1. 


TABLE 1— SEASONAL CHANGES IN FROND NUMBERS 


NEW FRONDS 


TOTAL LIVING FRONDS 
EX 


PLANT OVERWINTERED FRONDS 

No. — AK — 
Octii2~Dec-+7, Jul. 30 
1 TE 6 6 0 
2 16 15 13 1 
3 25 25 16 0 
4 36 35 28 2 
Average 
17 plants 16-7 15:9 13-3 1:0 


*Prematurely dead frond. 


=z 2 = 
Oct. 12 -Deces7 Jul:30 


= = 
Oct 127 ,Dees man) ulas0 


051% 0 7 6 6 

3 4 17 18 17 

5 6-1 25 30 22 

5 Haze! 38 40 35 
31.2021073722. 04 17 19-0 17-0 


ee nee 
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Of the average number of 16-7 mature 
fronds per plant which had overwintered 
and were counted on October 12, 15-9 were 
alive on December 7, and 13:3 were still 
living on July 30 almost 10 months later. 
3-4 fronds had died during this period. 
The field records show that the death rate 
of mature fronds was approximately uni- 
form throughout the period of study. 
There was, therefore, an average annual 
death rate (calculated) of 4:3 mature 
fronds per plant, and the oldest living 
fronds had been mature components of 
the leaf crown for 3-9 years. It must be 
remarked, however, that the death rate 
of mature fronds varied greatly in differ- 
ent plants. In one plant with 11 fronds 
none died during the 10 month period of 
study, in another, 9 of the 25 mature 
fronds died. 

New fronds emerged from the apical bud 
intermittently throughout the spring and 
early summer, and by December 7 there 
was an average number of 3-2 newly 
matured or expanding fronds per plant. 
Approximately one additional frond un- 
coiled later in the summer, increasing the 
average number of fronds which developed 
in the growing season 1954-55 to 4-1 per 
plant. The croziers of about 10 per cent 
of the new fronds died before reaching 
maturity, although the leaf bases remained 
alive. Death usually occurred in early 
stages of uncoiling, before the crozier had 
elongated more than about 10 cm. Very 
few of the early-developing fronds died; 
those which began to uncoil late in the 
season accounted for most of the deaths 
(Table: 1): 

Premature deaths reduced the number 
of new fronds from 4:1 to 3-7 per plant, 
a figure which was rather less than the 
annual death rate of 4-3 mature fronds 
per plant. This suggests that in plants 
where mature leaves persist for more than 
one year, deaths resulting from adverse 
environmental conditions may sometimes 
be greater than the number of new leaves 
which mature, producing a decrease in the 
number of mature leaves. 

The external appearance of the plants 
did not alter greatly during the winter, 
but the croziers of those fronds which will 
expand in the following growing season 
began to enlarge, and from June onwards 


[ July 


were visible between the bases of the inner} 
most mature fronds. 

The winter bud of many Osmundaceous 
ferns is surrounded by protective cata+ 
phylls (Bower, 1926). These are not} 
normally visible because they do not pro+| 
ject above the bases of the inner fronds of} 
the crown, but they must be taken into| 
consideration in determinations of thé] 
total number of leaves which mature eac 
year. If cataphylls occur in Leptopterisi| 
they should be found not only at the peri- 
phery of the apical bud but also separatin gl 
the successive years’ fronds in the crown} 
This would facilitate determination of the 
exact number of leaves which matured in| 
each of the past 4 years. The crowns and] 
apical buds of several adult plants w ere, 
therefore, dissected in early October, prior 
to spring growth. The dissection data fon 
4 plants are shown in Table 2. | 

The crowns of these plants contained 
in addition to the 7-16 living, mature 
fronds the bases of 3-13 dead leaves. It 
was not always possible to determine 
whether these were bases of prematurely 
dead fronds, or of cataphylls. Positive 
identification of cataphylls could be made 
only when the coiled, dead crozier was stil 
attached to the leaf base. The bases of! 
the dead leaves were not distributed 
cyclically among the living fronds; only 
at the periphery of the bud could a regulan 
cycle of cataphylls sometimes be recog + 
nized. In one plant 4 cataphylls invested 
the bud, in other plants fewer cataphylls 
were found, and in one the bud was naked 

The above considerations indicate that 
it is not possible to determine exactly the 
number of leaves which matured as fronds 
and cataphylls in each annual set by dis- 
section procedures. However, an average 
number could be calculated in the follow- 
ing way. Mature fronds live for an 
average of 3-9 years. If, therefore, the 
total number of leaves in the crown, living 
fronds and dead-leaf bases, is divided by 
this figure, the average number of leaves 
which matured in each year is obtained! 
For the 4 plants in Table 2 this was 4-8 
leaves in each annual set, of which approxi- 
mately 3 were fronds, the others being 
cataphylls and prematurely dead fronds. 

The number of developing leaves and 
primordia in the apical bud of plants i 
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TABLE 2 —LEAF NUMBERS IN THE CROWN AND WINTER BUD 


PLANT CROWN Bup 
No. (May aa aa = == EN c aa = 
Fronds Bases Total Leaf No./ Primordia No. of annual 
leaf No. annual set sets/bud 

1 7 13 20 SP 41 8-0 

2 11 vi 18 4:6 42 94 

3 14 3 17 4-4 40 9 

4 16 4 20 Sail 40 7:8 
Average 12:0 6-8 18-8 48 40-8 8-5 


 ———————————— ——————— 


Table 2 averaged 40-8. If 4-8 leaves 
matured on the average in a growing 
season, and thus constituted one annual 
set of leaves, the apical bud in winter 
contains a reserve of developing leaves 


- sufficient for the next 8-5 growing seasons. 


A leaf primordium thus develops for 
about 8 years in the bud, after which, if 


- it matures as a frond, it uncoils and re- 


mains expanded for a further 4-year period 


_ before dying. 


Additional plants dissected at other 


* times of the year gave results which were 


in substantial agreement with those of 
Table 2. No evidence was obtained as to 
the time of initiation of new leaf primordia 


> at the apex, but, in view of the rather 


limited number which must be initiated 
each year, and the uncertainties of deter- 
mining, even approximately, the number 
of annual sets of developing leaves in the 
bud, it seems unlikely that such informa- 
tion could be obtained by the leaf counting 
method employed here. 

The younger leaf primordia in the bud 
are simple in structure. They consist of 
an elongated base and an adaxially 


inclined, conical, meristematic tip which 


. will develop as the crozier. 


The older 
leaves have croziers which become pro- 
gressively more coiled and differentiated. 
In plants dissected in the winter only the 
outer 6-10 developing’ leaves bore pinnae 
in their croziers, and only the outermost 
3-5 leaves were fertile. 


Experiments on Frond Maturation 


Of the large number of developing leaves 
in the bud only a very few mature each 
year, the number being approximately 


the same as that of mature fronds which 
die. Dostal ( 1946 ) has obtained evidence 
that mature leaves may inhibit the deve- 
lopment of the younger leaves, but it 
seemed doubtful that the maturation of 
new fronds of Leptopteris could be regulat- 
ed by the oldest fronds of the crown, be- 
cause no correlation was found between 
the times at which mature fronds died and 
new fronds emerged. 

Some preliminary experiments were 
carried out to determine the manner in 
which Jeaf maturation may be regulated. 
From 6 plants growing in natural condi- 
tions the entire crown of fronds was cut 
just prior to the resumption of growth in 
the spring. At this time these plants had 
an average number of 14:3 mature fronds. 
The date of appearance of each new frond 
was recorded. Intact plants in the same 
locality were used as controls ( Table 1). 
New fronds emerged on the defoliated 
plants at a rate similar to that of control 
plants. By December 7, the defoliated 
plants bore an average of 3-5 new fronds 
each, as compared with 3-2 for the controls, 
and by the end of the growing season they 
had produced an average of 4-3 fronds, of 
which 3-8 were living. Comparable figures 
for the controls are 4:1 and 3-7 respec- 
tively. It, therefore, appears that the 
absence of the whole complement of 
mature fronds had no effect on either the 
rate of maturation or the number of new 
fronds which were produced in the spring. 

Previous studies on both angiosperms 
( Goodwin, 1937; Ashby, 1948 ), and ferns 
(Albaum, 1938; Steeves & Wetmore, 
1953 ) have shown that developing leaves 
may themselves control growth rates of 
still younger leaves, and that by removal 
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of successive developing leaves, either the 
growth rate, or the number of new leaves 
which appear, may be increased. It 
seemed possible that such an hypothesis 
could account for the failure of additional 
leaves to develop in the above experiment. 
Eight plants were transferred to a green- 
house in late winter where they could be 
examined daily. Three plants were left 
intact to serve as controls; the other 5 
plants were defoliated and successive 
fronds were each cut off as close to the 
base as practicable as they emerged from 
the bud. In the control plants leaf matu- 
ration was completed by mid January, at 
which time there was an average number 
per plant of 3-0 new fronds. In those 
plants which were continuously defoliated 
new fronds continued to emerge at infre- 
quent and irregular intervals until May, 
when the experiment was terminated. By 
mid January an average of 4:6 new fronds 
had been removed from them, and by May 
an average number of 7:0 fronds had been 
removed. Each of the fronds so removed 
was fertile. 

It, therefore, appears that removal of 
the developing fronds permits additional 
fronds to develop at an accelerated rate, 
and it may be supposed that the small 
number of fronds which normally matures 
in a growing season is the result of a cumu- 
lative inhibition exercised by the develop- 
ing fronds on younger presumptive fronds 
of the apical bud. 


Growth of Leaves in Sterile Culture 


MATERIALS AND METHODS — The pro- 
cedure by which immature leaves were 
obtained for growth in sterile culture 
followed essentially that described pre- 
viously (Steeves & Sussex, 1957). Buds, 
from which the outer few leaves had 
been removed, were sterilized for 20 
minutes in a 7 per cent, by weight, solu- 
tion of calcium hypochlorite (laundry 
bleach ), washed in sterile water, and dried 
between sheets of sterile paper. Dissec- 
tion of the buds was then continued, em- 
ploying aseptic procedures, and excised 
inner leaves were planted directly on agar 
media. 

Because of the difficulty in determining 
exactly the number of leaves comprising 
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[ Jull 
each annual set, the division of the imma) 
ture leaves of the bud into sets and, there: 
fore, the ages of leaves removed to sterill 
culture could be determined only approxii 
mately. An arbitrary number of 5 leave: 
per annual set was assigned to all buds 
The leaves grown in separate culture wert 
determined as belonging to sets 2, 4 and 
6, and would have matured respectivelt 
in the 7th, 5th and 3rd growing season 
hence in intact plants. In some of thi 
later experiments leaves were selecte( 
solely on the basis of length at time o! 
excision. These could probably be assign! 
ed to the same sets as the leaves describe¢ 
above, and these set designations wert 
retained throughout. Leaves designate¢ 
as set 2 were approximately 1 mm it 
length, those of set 4 were 2-5 mm long} 
and those of set 6 were 7-10 mm whey 
excised from the bud. The media em 
ployed contained Knop’s inorganic salts 
and trace elements, as described b 
Steeves & Sussex ( 1957), sucrose a 
concentrations up to 4-0 per cent, and t¢ 
certain media Difco yeast extract wai 
added at concentrations of either 0-5 gm/ 
or 1-0 gm/l before autoclaving. The pH 
of all media was adjusted to 5-5, and the} 
were solidified by the addition of 0-8 pe 
cent water washed agar. Cultures wer 
maintained for the most part in a well 
lighted Jaboratory in daylight at room 
temperature. Some were placed in a dar 
cabinet. The laboratory illumination an) 
temperature were not controlled, and flud 
tuated daily and seasonally. The lowes 
temperature recorded was 8°C, the highes 
was 30°C, and midday temperatures range} 
between 19°C and 27°C. 

EXPERIMENTAL RESULTS: Growth Pal 
terns of Excised Leaves — Three contrasti 
patterns of growth were observed. I} 
their most complete development excise 
leaves matured as fronds and, dependin 


either of the dichotomous juvenile, or th 
pinnate adult type ( Figs. 1, 2). 
of the latter were fertile. This aspect 
the study will be reported in a separat 
communication (Sussex 
1958). In the course of development 4 
a frond the basal part of a leaf becam 
bright green after 1-2 weeks in cultut 
and elongated to a length of up to 1 c 
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Fics. 1-3. 


Within 2-3 weeks the croziers of the leaves 
had begun to enlarge. In most treatments 
croziers began to uncoil within 8-14 weeks, 
and in a further 5-8 weeks uncoiling was 
complete, the membranous pinnae were 
expanded and of a bright green color. 

On certain media the croziers enlarged 
but, although still alive, failed to uncoil. 
Although some of these leaves were main- 
tained in culture for several months they 
did not mature as fronds but remained 
fully coiled ( Fig. 3). 

Twenty-seven of the 280 leaves which 
grew in culture underwent a third type of 
development, which did not seem to be a 
direct consequence of the cultural condi- 
tions. The croziers in these leaves began 
to develop normally but, after setting off 
usually one, or occasionally 2 or 3 pairs of 
pinnae, became necrotic and died. The 
exposed pinnae continued to expand, and 
at maturity were considerably larger than 
pinnae of fully developed fronds. Such 
abnormal leaves occurred occasionally on 
most media, but were more frequently 
found on those containing sucrose concen- 
trations of 2:0 and 4-0 per cent. They are 
reminiscent of the prematurely dying 
fronds of natural plants ( Table 1), and 
occur in a similar proportion. They 
differ, however, in that the basal pinnae 
did not die with the croziers. 

The failure of certain leaves to undergo 
complete crozier development complicates 
analysis of the results, since the final height 
and weight of a leaf depend both on rachis 
size and base size. However, direct com- 
parison of the effects of various media can 
be obtained by counting the number of 
pairs of pinnae on each leaf; in leaves with 
a coiled crozier the pinna number may be 
determined by dissection. 

Effect of Sucrose on Leaf Growth — 
Excised leaves of sets 2, 4 and 6 were 
grown in daylight on media with sucrose 


Fics. 1-3 — Set 6 leaves grown in culture. 
Fig. 1. Juvenile type leaf with dichotomously 
branched pinnae, grown in a medium lacking 
sucrose. X 1:8. Fig. 2. Pinnate adult leaf grown 
on 2:0 per cent sucrose and 1:0 gm/l yeast 
extract. x 0:9. Fig. 3. Leaf with fully coiled 
crozier, viewed laterally, after 28 weeks of 
growth on 4:0 per cent sucrose. X 1:7. 
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contents of 0:1 to 40 per cent. A few 
leaves of set 6 were grown on a medium 
lacking sucrose, others were grown in dark- 
ness. The results obtained from the 
growth of set 6 leaves are considered first 
as they are the most complete (Table 3). 

When excised, the set 6 leaves had no 
pinnae primordia, and in a typical experi- 
ment they had an average height of 7°5 
mm, fresh weight of 22°0 mg, and dry 
weight of 3:7 mg. When grown on a 
medium containing 0'l per cent sucrose 
they developed into fully expanded fronds 
and, despite the rather low sucrose content 
of the medium, were of a pinnate adult 
type, with an average number of 6°5 pairs 
of pinnae. These fronds had undergone 
an approximate sevenfold increase in 
height during growth in culture, and the 
fresh weight and dry weight had increased 
approximately fivefold and threefold res- 
pectively. 

When the sucrose concentration of the 
medium was increased to 0:5 per cent, only 
3 of 13 cultured leaves in 2 replicate ex- 
periments developed as expanded fronds. 
The croziers of the other 10 remained 
tightly coiled, and the measurement of 
height in Table 3 is not, therefore, directly 
comparable with that of leaves whose 
crozier uncoiled. When grown on media 
containing 1:0, 2:0 or 4:0 per cent sucrose, 
only occasional set 6 leaves ever developed 
as fronds. None did so in the experiment 
reported in Table 3. Most remained with 
a fully coiled crozier, but even in such an 
incomplete state they weighed heavier, 
and had a greater number of pinnae pairs, 
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than fronds which developed on media «1 
low sucrose content. From Table 3 it cajj 
be seen that the pinna number increase} 
progressively with sucrose concentration] 
although the number is less than doublet 
over a sucrose range of x 40. | 

Leaves grown in the light in the absenc} 
of sucrose developed very slowly, and | 
period of several months was required fal 
the croziers to uncoil. At maturity thes 
fronds weighed little more than they dij 
when excised, and were of typical juvenil| 
form, having dichotomously branche} 
pinnae. The few leaves grown in dark 
ness on a medium containing 2:0 per cen} 
sucrose failed to uncoil. | 

Leaves of sets 2 and 4 when grown o! 
media of varied sucrose content gave frag 
mentary results, because many leaves! 
and especially those of set 2, died durin} 
the course of the experiment. Result 
are of value however in interpreting th 
growth of set 6 leaves. All set 2 leave 
died on media which contained less thai 
2:0 per cent sucrose. On this medium | 
few leaves remained alive, developing & 
pinnate fronds which, in contrast to se 
6 leaves on the same medium, uncoile} 
partway or completely. When leaves 4 
set 4 were cultured on media of less thai 
2°0 per cent sucrose content, most of t 
leaves in each treatment died. The fey 
which did not die developed as fully ex 
panded fronds approximately one-thiri 
to one-half the weight of set 6 leaves o) 
comparable media, but with only one ti 
two pairs of pinnae fewer than the sé 
6 leaves. Many of the set 4 leaves grow 


TABLE 3 — EFFECT OF SUCROSE ON THE DEVELOPMENT OF SET 6 LEAVES: 
IN CULTURE 


SUCROSE, HEIGHT,. FRESH WT., DRY WT., NUMBER OF! 
per cent mm mg mg PINNAE PAIRS 

ae Cae < EN! ‘ 2 Se Rose TS | 
Total ad 75* 84t 22.0% ge = 0-0* 0-0: 
Final 0:0 33:0 40:0 4-5 | 
0-4 56:6 1117 12-0 63 

0:5 251% 14:6$ 150:0 1175 23:0 15:0 6:0 8-0 

1:0 19-0§ 160-0 22-5 9:5 | 

2:0 17-15 142-0 25:0 7:2 | 

4-0 17:08 160-0 26-3 10-3 | 


*Data for experiment started, October 13; tdat 


a for experiment started, Jan. 20; £3 of 8 Rail 
| 


uncoiled; $all leaves fully coiled; leaf blade dichotomously forked. 


| 
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TABLE 4 — EFFECT OF SUCROSE AND YEAST EXTRACT VARIATIONS ON 
THE DEVELOPMENT OF SET 6 LEAVES IN CULTURE 


SUCROSE, YEAST EXT., HEIGHT, FRESH WT., Dry wt NUMBER OF 
per cent gm/l mm mg mg PINNAE PAIRS 
co I. = PE ea Nr = NE 
0-1 — 56-6* 11-7" = “12-08 Tam a 6:3 © 
0-1 0:5 —t — — — 
0-1 1-0 —t = es 
2-0 — DIE alibi aes 185-7 = 142-08 20-0 25-08 95 7:28 
2:0 0-5 79-0 51-2 340:0 243-0 76-4 51.2 10-0 8:8 
2:0 1-0 96:1 109-5 441-7 420-0 88-0 78-1 11:0 11-3 
4-0 — 17:0£ 160-0 26-3 10-3 
4-0 0:5 80:8 300:0 71:3 11-4 
40 1:0 29:2 322-0 69-0 11-0 


*Data for experiment started, October 13; fall but occasional leaves died on these treatments; 
+ all leaves fully coiled; $ data for experiment started, January 20; initial data for height and 


weight as in Table 3. 


on 2:0 per cent sucrose also uncoiled part- 
way or completely, to mature as fronds. 
At the termination of one experiment 3 
were fully expanded, 3 others were un- 
coiling, and only one had a fully coiled 
erozier. None uncoiled on 4:0 per cent 
sucrose, and when grown on 2:0 per cent 
sucrose in darkness set 4 leaves also failed 
to uncoil. 

Variation of Sucrose and Yeast Extract 
in the Medium — The preceding results 
indicate that uncoiling of the crozier of 
excised leaves may be more easily induced 
in those of sets 2 and 4 than in the larger 
and older set 6 leaves. It seemed im- 
probable that the failure of the croziers of 
set 6 leaves to uncoil at high concentra- 
tions of sucrose resulted from the high 
osmotic pressure of the medium, for these 
leaves gained more weight than did leaves 
growing on media of lower sucrose content, 
indicating that they were not suffering 
from a water deficit. In addition, Allsopp 
(1953) has obtained uncoiling of fronds 
on Marsilea plants at sucrose concentra- 
tions up to 10 per cent. It seemed more 
probable that uncoiling of the croziers of 
the older leaves was being inhibited, or 
that these leaves were deficient in a subs- 
tance essential for crozier uncoiling at 
high sucrose concentrations. This subs- 
tance either was not required, or was pre- 
sent at a sufficient concentration, in the 
leaves of sets 2 and 4 at all except the 
highest sucrose concentration tested, 


Yeast extract, which would be expected 
to supply a variety of organic compounds, 
was therefore added at concentrations of 
0°5 or 1:0 gm/l to media containing, 
respectively, 0:1, 2:0 and 4:0 per cent of 
sucrose. Control media lacked yeast ex- 
tract. Set 6 leaves were grown on each 
medium. 

At the lowest sucrose level the addition 
of yeast extract caused nearly all the 
leaves to die ( Table 4). At the 2 higher 
concentrations of sucrose, the addition of 
yeast extract to the medium caused the 
croziers of most of the leaves to uncoil 
fully. Of 35 leaves in these treatments, 
only two failed to develop to maturity. 
This is in marked contrast to the develop- 
ment of the control leaves on 2:0 and 4:0 
per cent sucrose, all of which remained 
fully coiled. 

Apart from its role in promoting crozier 
development, the addition of yeast extract 
to the medium increased both the size and 
weight of the fronds, while pinna numbers 
were unaffected. At both 2°0 and 4:0 
per cent sucrose the addition of yeast 
extract caused leaves to be 2-4 times 
heavier than those on the appropriate 
control medium, and at 2:0 per cent 
sucrose the higher concentration of yeast 
extract gave an added stimulation of 
growth over that obtained by the addition 
of 0:5 gm/l yeast extract. 

The number of pinnae pairs seems to 
have been affected only slightly, or not 
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at all, by the addition of yeast extract to 
the medium. The increased pinna num- 
bers noted for leaves growing on media 
containing 2:0 per cent sucrose may be in 
part the result of the more accurate count- 
ing of pinnae that is possible on an ex- 
panded than on a tightly coiled rachis. 


Discussion 


Leptopteris hymenophylloides differs from 
Osmunda cinnamomea (Steeves & Wet- 
more, 1953) by the persistence, in the 
former species, of each mature frond for 
approximately 4 years as a component of 
the crown, by the general fertility of 
fronds, by the production of few or some- 
times no cataphylls, by the fewer leaves 
which mature in each annual set, and by 
the greater number of annual sets of 
leaves present in the bud. The immature 
leaves of both species can be grown suc- 
cessfully in sterile culture, but there are 
certain characteristic differences of res- 
ponse. Cultured leaves of Leptopteris may 
not uncoil and mature as fronds at sucrose 
concentrations of 0:5 per cent or higher 
unless the medium is supplemented with 
yeast extract, whereas leaves of Osmunda 
will uncoil readily without such addi- 
tions (Steeves & Sussex, 1957); leaves 
of Leptopteris can readily be induced to 
develop as sporophylls in culture, while 
those of Osmunda will do so only with 
difficulty (Sussex & Steeves, 1958 ). 

The large number of developing leaves 
in the apical bud of Leptopteris is an un- 
usual, but not unique, condition. Many 
plants are known to have apical buds that 
contain leaves greatly in excess of the 
number which matures in each growing 
season, and this condition seems to be of 
common, although not general, occurrence 
in plants having a short shoot habit of 
growth (Frazer, 1946; Steeves & Wet- 
more, 1953; Titman & Wetmore, 1955; 
Cutter, 1957). In them, leaf initiation 
predominates over the establishment of 
stem tissues, and the leaves undergo a 
prolonged period of meristematic growth. 
The most completely analysed of these 
buds is that of Osmunda cinnamomea in 
which Steeves & Wetmore (1953) found 
almost exactly 4 annual sets of develop- 
ing leaves in the winter bud. These were 
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reduced to approximately 3 sets by led 
expansion in the spring, and returned {| 
4 by the initiation of a new set of primo} 
dia the following summer. 
Certain technical difficulties are encour} 
tered in studying the structure of larg 
buds in which there is a lack of morph¢ 
logical distinction between the leaves prq 
duced in successive growing season} 
Such distinctions would include the pre! 
duction of cataphylls, and the death of tH} 
expanded leaves in the autumn. Becaus 
Leptopteris is evergreen, and the frond 
long-lived, and because cataphylls ai 
produced neither regularly, nor in larg 
numbers, analysis of both the crown an 
the bud becomes a matter of some diff 
culty. 
The wide variation in the number « 
mature fronds found in adult plani 
suggests that there may be a continue 
increment in the number of fronds matul 
ing each year. But, because approxima] 
agreement was found between the numbe 
of fronds which matured, and the numbt 
which died during the course of this stud 
any such increment must be gradual, eve 
being reversed in an unfavorable yeaj 
and would be detected only by extended 
study. Steeves & Wetmore (1953) fou 
a slight increase in frond numbers 
Osmunda during a 4-year study, an 
consider that the frond number is reduce 
at dichotomy of the apex, so that the it 
creased frond number does not persis} 
It is of interest in this connection thé 
dichotomised plants of Leptopteris ha 
1 


rarely been observed, and there is app 
rently no method by which a more or let 
stable number of mature fronds is mait 
tained. | 

The separation of leaves in the bud in 
annual sets, based on the number whid 
matured in one growing season, presuf 
poses a balance between leaf maturatid 
and initiation, Where the number 
leaves which matures each year is nd 
constant such separations cannot be mad 
accurately, and it would be of great intt 
rest to determine whether the increasd 
utilization of leaves is achieved at tl) 
expense of the developing leaves, tl) 
number in the bud decreasing or whethi 
an accelerated initiation of leaf primord 
occurs concomitantly with, or precede 
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the increased utilization. Such informa- 
tion could provide valuable evidence con- 
cerning the nature of the internal regulat- 
ing system in the. plant. This type of 
study would, however, be difficult to per- 
form on Leptopteris because of the small 
number of leaves comprising each annual 
set, and the difficulty in distinguishing 
the successive annual sets. 

The factors controlling expansion and 
maturation rates of leaves have been the 
subject of numerous studies, most of which 
have dealt with seedling stages ( Goodwin, 
1937; Albaum, 1938), or with buds con- 
taining few developing leaves (Ashby, 
1948). Few have been concerned with 
the later stages of leaf development in 
species with buds containing a large num- 
ber of leaf primordia (Steeves & Wet- 
more, 1953). 

In a great number of species all the im- 
mature leaves of the bud expand in a 
single growing season. However, in some 
species, and most noticeably in those 
whose buds contain a large number of 
primordia, with the resumption of growth 
each spring, only a few peripheral leaves 
of the bud mature. Most of the develop- 
ing leaves enlarge only slightly, undergoing 
various amounts of meristematic growth, 
depending on their position in the bud, and 
do not normally show any tendency to- 
wards precocious maturation. It is the 
failure of these inner leaves to mature pre- 
cociously that is of particular interest. 
Only the outermost leaves in the bud 
appear to be directly inhibited by the 
currently maturing and recently matured 
fronds, for Steeves & Wetmore ( 1953 ) 
found that in Osmunda cinnamomea re- 
moval of the entire crop of expanding 
fronds caused only an approximately equal 
number of new fronds to develop, and 
removal of a smaller number of fronds 
resulted in the precocious maturation of a 
correspondingly smaller number of new 
fronds. In the present study removal of 
the entire crown of over-wintered fronds 
was without effect on either the number, 
or rate of maturation, of new fronds. 

In considering how such a large bud 
could develop from the sporeling bud in 
which only a few leaves may be present, 
there appear to be two possibilities. 
Either, the rate of initiation of leaf pri- 
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mordia must exceed the rate of leaf matu- 
ration, or successive developing leaves 
inhibit progressively larger numbers of 
younger leaves. Unfortunately there is no 
direct evidence to decide between these two 
possibilities. However, Goodwin (1937) 
found that in Solidago seedlings, re- 
moval of one expanding leaf affected the 
rate of development of only the next one, 
or sometimes two, younger leaves, and 
Steeves & Wetmore (1953) found ex- 
perimentally that in adult plants of 
Osmunda, expanding fronds inhibited the 
development of only an equal number of 
immature fronds. It seems, therefore, 
that inhibitors proceeding from the ex- 
panding fronds can affect the rate of deve-- 
lopment of only the outermost leaves of 
the bud. The inhibition of development 
of inner leaves of the bud is evidently not 
caused directly by the mature fronds, but 
must be achieved by older, but still im- 
mature, leaves of the bud. 

Crotty (1955) suggests a similar ex- 
planation for the control of leaf growth in 
the fern Acrostichum daneaefolium, and 
concluded that the final size and form of 
a leaf in this species is determined by the 
duration of an initial meristematic ( em- 
bryonic ) growth phase before it is over- 
taken by maturation growth. Those 
leaves in which the first phase is of brief 
duration, because there are few older 
leaves in the bud, mature precociously as 
juvenile leaves. Leaves developing in a 
larger bud are subjected to inhibitory 
effects of outer leaves for a longer time, 
and undergo a more extensive development 
to mature as adult leaves. 

If the outer developing leaves of the 
bud do tend to prolong the meristematic 
growth phase of younger leaves, then 
precocious maturation of the latter could 
be achieved by separating the inhibited 
from the inhibiting leaf. This can be 
done by defoliation experiments, but by 
growing excised leaves in sterile culture 
they should be isolated much more effec- 
tively from stimuli which favour the con- 
tinuation of meristematic growth, and in 
an environment where maturation pheno- 
mena predominate. 

The situation is, however, not this 
simple, for excised leaves do not undergo 
immediate maturation in culture. Instead 
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they continue in a meristematic growth 
phase which, while much more restrict- 
ed than that of the natural leaf, results 
in the development of a conspicuous, 
coiled, pinna-bearing crozier. Further, 
leaves of different ages may react differ- 
ently to growth in culture. The younger 
leaves, although smaller at maturity than 
leaves excised at a later stage of develop- 
ment, may undergo relatively much more 
growth (Steeves & Sussex, 1957 ). 

Externally applied nutrients can alter 
the amount of meristematic growth whichan 
excised leaf undergoes but it is not yet clear 
to what extent they also affect the duration 
of the meristematic growth phase. Nor is 
it clear whether the nutrients are concern- 
ed more directly in processes which control 
the meristematic growth phase, or in those 
concerned with the onset of maturation. 

There is an evident effect of nutrition 
on the amount of growth, as measured by 
the final shape and size of the frond, low 
sucrose concentrations favouring a small 
juvenile leaf type, higher concentrations 
favouring a larger, adult type of leaf. 
This result provides direct support for the 
contention of Goebel ( 1900 ), that juvenile 
leaves of ferns are equivalent to adult 
leaves which have been starved during 
their development, for these primordia 
would, in the present study, have deve- 
loped as adult fronds had they been left 
on an intact plant. Previous workers 
have obtained a similar result by growing 
entire plants ( Allsopp, 1952), or excised 
stem tips (Wetmore, 1954) in sterile 
culture. However, by using excised leaf 
primordia the effect of varied nutrients 
on the development of the leaf can be 
examined directly, and in the absence of 
other organs which may compete with the 
leaf for available nutrients (Allsopp, 
1952), or supply additional nutrients to 
t ( Allsopp, 1953a ). 

The duration of meristematic activity 
in a developing fern leaf cannot be mea- 


Literature Cited 


ALBAUM, H. 1938. Inhibitions due to growth 
hormones in fern prothallia and sporophytes. 
American J. Bot. 25: 124-133. 


PHYTOMORPHOLOGY 


sured simply. Of the leaves which uni 
coiled in culture, the longest time to reacl| 
maturity was taken by those which deve} 
loped as juvenile leaves in the absence ei 
sucrose, and although the start of u 
coiling is a convenient marker by which 
to measure the termination of meristet 
matic growth, a more critical method] 
which considers both the rate and dura 
tion of meristematic activity, will b 
needed. Experiments on this aspect dl 
leaf growth are now in progress. | 
Summary | 


Leptopteris hymenophylloides is an eval 
green fern with long-lived fronds. Eacj 
frond persists for about 12 years, the Bi 


apical bud, the last 4 years as a mata | 
frond in the crown. Approximately 4-1 
leaves mature each year, of which 3-4 ani 
fronds, the others being cataphylls. Addil 
tional fronds may be forced to develo] 
precociously by removal of the developin 
fronds in the spring and summer, but na 
by removal of the entire crown of matu 
fronds in late winter. Immature leave 
of various ages may be excised and grow 
in sterile culture on simple nutrient medié 
Low sucrose concentration in the mediur 
favors the development of juvenile typ 
leaves, higher concentrations favor thi 
development of adult type leaves wit 
increased pinna numbers. The crozieı 
of certain leaves fail to uncoil on hig 
concentrations of sucrose, but uncoil co 
pletely when yeast extract is incorporate} 
in the medium. These results are con) 
pared with those obtained from othe 
ferns. | 
This work was supported in part by | 
grant from the National Science Found& 
tion. The author wishes to thank Mis 
Miriam Aiken and Miss Mary E. Clutt 
for their assistance during the invest} 
gation. | 


fl 


D 


ALLSOPP, À.1952. Experimental and analytic 
studies of pteridophytes. XVII. The effect 
various physiologically active substances d 


| 


1958 ] 


the development of Marsilea in sterile culture. 
Ann. Bot. N.S. 16: 165-183. 

— 1953a. Experimental and analytical studies 
of pteridophytes. XIX. Investigations on 
Marsilea. 2. Induced reversion to juvenile 
stages. Ann. Bot. N.S. 17: 37-55. 

— 1953b. Experimental and analytical studies 
of pteridophytes. XXI. Investigations on 
Marsilea. 3. The effect of various sugars on 
development and morphology. Ann Bot. 
N.S. 17: 447-464. 

ASHEY, E. 1948. Studies in the morphogenesis 
of leaves. II. The area, cell size and cell 
number of leaves of Jpomoea in relation to 
their position on the shoot. New Phytol. 
47 : 177-195. 

BOWER, F. ©. 1926. The ferns. 
University Press, Cambridge. 

Crotty, W. J. 1955. Trends in the pattern of 
primordial development with age in the fern 
Acrostichum daneaefolium. American J. Bot. 
42: 627-636. 

Cutter, E.G. 1956. Experimental and analyti- 
cal studies of pteridophytes. XXXIII. The 
experimental induction of buds from leaf 
primordia in Dryopteris aristata Druce. Ann. 
Bot. N.S. 20: 143-165. 

— 1957. Studies of morphogenesis in the 
Nymphaeaceae. I — Introduction: Some as- 
pects of the morphology of Nuphar lutea (I..) 
Sm. and Nymphaea alba L. Phytomorphology 


Vol. 2. The 


7: 45-56. 
Dosrtar, R. 1946. The question of organogens 
in plants. Acad. Tchéque des Sci. Bul. 


Internatl. ( 1945 ) Prague. 


SUSSEX — LEAF DEVELOPMENT IN L. HYMENOPHYLLOIDES PRESL. 107 


Frazer, H. L. 1946. 
shoot apex of Dryopteris aristata. 
N.S. 10: 391-408. 

GOEBEL, K. 1900. Organography of plants. 
Part I. General organography. English edi- 
tion. Oxford. 

Goopwin, R. H. 1937. 
development in Solidago. 
24: 43-51. 

STEEVES, T. A. & Sussex, I. M. 1957. Studies 
on the development of excised leaves in 
sterile culture. American J. Bot. 44: 665- 
673. 

— & WETMORE, R. H. 1953. Morphogenetic 
studies on Osmunda cinnamomea L.: Some 
aspects of the general morphology. Phyto- 
morphology 3: 339-354. 


Seasonal changes in the 
Ann. Bot. 


The role of auxin in leaf 
American J. Bot. 


Sussex, I. M. & STEEVES, T. A. 1953. Growth 
of excised leaves in sterile culture. Nature 
172: 624. 

— 1958. Experiments on the control of fertility 
of fern leaves in sterile culture. Bot. Gaz. 
( In press ). 


Titman, P. W. & WETMORE, R. H. 1955. The 
growth of long and short shoots in Cercidi- 
phyllum. American J. Bot. 42: 364-372. 

WARDLAw, C. W. 1950. Experimental and 
analytical studies of pteridophytes. XVI. The 
induction of leaves and buds in Dryopteris 
aristata Druce. Ann. Bot. N.S. 14: 435-455. 

WETMORE, R. H. 1954. The use of in vitro 
cultures in the investigation of growth and 
differentiation in vascular plants. Abnormal 
and pathological plant growth. Brookhaven 
Symp. Biol. 6: 22-40. 


RESPONSE OF OVULES OF ARGEMONE MEXICANA L. 
TO COLCHICINE TREATMENT IN VIVO 


RON. CHOPRAT& Ka SR AT* 
Department of Botany, University of Delhi, Delhi, India 


Introduction 


Argemone mexicana has been subjected 
to a thorough embryological study by a 
number of workers ( see Joshi, 1933; Bose 
& Banerji, 1933; Souéges, 1949; Crete, 
1956; Sachar, 1955, 1956a). One of the 
Main features of interest in its life history 
is the occurrence of twin embryos in some 


ovules. Regarding the origin of the 
second embryo, however, opinion is divid- 
ed. Souéges (1949) and more recently 
Crété ( 1956 ) hold that it is formed by the 
segmentation of the suspensor, while 
Sachar (1955, 1956a) adduces evidence 
to show that the smaller embryo is haploid 
and originates from a persisting synergid. 
In any case the second embryo usually 
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degenerates at an early stage of develop- 
ment. 

An attempt was made to investigate 
whether the frequency and longevity of 
the additional embryo could be influenced 
by the use of colchicine and such growth 
substances as IBA, NAA, NOA, POA, 
2,4-D and 2,4,5-T. The present paper 
embodies some responses of the ovules to 
colchicine treatment. 


Material and Methods 


The experiments were performed by 
one of us (R.N.C.) during the months of 
March and April, 1956, on plants of Arge- 
mone mexicana growing in the University 
Campus. The flowers were tagged on the 
day of anthesis. Four days later the 
ovary was punctured at the top and an 
aqueous solution of colchicine injected 
near the base with a hypodermic syringe. 
The air in the ovary escaped through the 
upper hole, and finally a drop or two of 
the fluid oozed out indicating that the 
ovary was full. The concentrations used 
were 0-001, 0-01 and 0-1 per cent. Un- 
treated ovaries were kept as controls, and 
fixations were made at intervals of 5 days 
until the fruits matured. 

The ovules were dehydrated and em- 
bedded in paraffin. Sections were cut 
14 microns thick and stained with Heiden- 
hain’s haematoxylin. Mature seeds were 
dissected under a binocular stereomicro- 
scope; the embryos were stained with 
acetocarmine and mounted in glycerine. 


Observations 


THE ENDOSPERM — Treatments were 
given at a stage showing several nuclei 
arranged in the peripheral lining of the 
cytoplasm. The size of the nuclei is fairly 
uniform and each contains one to three 
nucleoli, Normally, the endosperm be- 
comes cellular in 5 to 6 days after pollina- 
tion. In ovules treated with 0:1 per cent 
colchicine wall formation failed in many 
cases. Instead all the nuclei aggregated 
at one place (Fig. 7); these were em- 
bedded in dense cytoplasm and exhibited 
random fusions (Fig. 8). Such aggre- 
gations at first recall the endosperm no- 
dules reported in some angiosperms ( see 
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Maheshwari & Sachar, 1954; Sachar 
1956b; Sachar & Chopra, 1957), but i 
all these cases there is a general cytoplas 
mic lining from which arise one or mor 
nodules. In Argemone, on the other hand 
the entire cytoplasm and nuclei form 
single ‘nodule’. Wall formation wa 
never seen in such masses. And since 1 
later stages they appear to degenerate, 1 
is doubtful whether they ever give rise tt 
a normal cellular endosperm. Even ii 
such of the treated ovules which shoy 
normal wall formation the endosperm doe 
not always remain healthy. Most of th 
ovules fixed 10 days after treatment wen! 
either devoid of endosperm or containe} 
only degenerating cellular endosperm ii 
which the nuclei showed a variety @ 
form. Very few ovules showed a norma; 
cellular endosperm. In the last category) 
either all or some of the cells becam 
hypertrophied with a corresponding in 
crease in the size of the nuclei ( Fig. 2 
The food reserves, so abundant in th 
normal portion ( Fig. 5), were lacking ij 
the enlarged cells ( Fig. 6). | 
The ovules treated with 0.01 and 0.00 
per cent colchicine showed normal endd 
sperm development. The cells around tl | 
embryo collapsed resulting in a smaj 
cavity. The rest of the endosperm cel 
were packed with reserve food ( Fig 
3, 4) just as in the controls (Fig. 1). 
EMBRYO — At the time of treatmer 
most of the ovules possessed 2- to 8-cellei 
proembryos. Up to the globular stag! 
the only observable difference was that t 
embryos in the treated ovules were fre 
quently of a larger size. 
In ovules treated with 0.1 per ce 
colchicine the embryo progressed to th 
globular stage, only rarely attaining t 
pre-heart shape ( Figs. 2, 14). 
the embryo continued to increase in siz 
without any differentiation, till it we 
almost twice the size of the control en 
bryos (Table 1). The enlarging en 
bryonal cells stained lightly and thos 
towards the periphery often showed co 
siderable vacuolation. The larger si 
cf the embryo was in part due to an it 
crease in the number of cells. | 
Even when the endosperm nuclei an 
cytoplasm formed a nodular mass, t 
embryo occupied the normal micropylg 
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Tics. 1-6 — All ovules taken 14 days after anthesis. Fig. 1. L.s. normal ovule from control 
ovary. x 45. Fig. 2. Ovule from ovary treated with 0-1 per cent colchicine. Many of the endo- 
sperm cells are hypertrophied. x 41. Fig. 3. L.s. ovule treated with 0:01 per cent colchicine. 


x 42. Fig. 4. Ovule treated with 0-001 per cent colchicine ; the embryo as well as seed coat are 
more advanced than in any of the previous ones. < 38. Figs. 5, 6. Magnified views of portions of 
endosperm from ovule shown in Werke, 25 SBS. 2% 2005 dete oe BI 
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TREATMENT STAGE AT THE TIME 
OF TREATMENT 
(4 days after 
pollination ) 
Control 2- to 8-celled 
Colchicine 


0-1 per cent 2- to 8-celled 
0:01 per cent 2- to 8-celled 
0-001 per cent 2- to 8-celled 
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position (Fig. 7). In ovules, in which 
the endosperm degenerates, the embryo 
is also eventually obliterated. 

Treatment with 0:01 per cent colchicine 
showed a marked stimulatory effect on 
the growth of the embryos. The majority 
of 14-day old ovules had passed the glo- 
bular stage ( seen in controls ) and showed 
heart-shaped embryos (Fig. 3). This 
accelerated growth continued till the em- 
bryos were fully mature. The control 
embryos required about 30 days to mature 
whereas the treated embryos took only 
Aboutee2days. (bigs. 13, 15): 

With 0'001 per cent colchicine, embryo 
growth showed still greater stimulation 
(Table 1). At the time the control em- 
bryos showed the globular stage ( Fig. 1), 
the treated ones had already developed 
short cotyledons (Fig. 4). The latter 
also matured in 18 days, a period only 
about half of that taken by the controls. 
As in nature, in the treated ovules also the 
mature embryo occupied a relatively small 
portion of the seed and often possessed 
unequal cotyledons ( Figs. 13, 16). 

In all cases the embryonal cells remained 
uninucleate and their size was almost the 
same as that of the controls. Multinucle- 
ate cells have, however, been reported to 
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| 
RANGE OF THE SIZE | 


oF 10 EMBRYOS 
AS 


STAGE 10 DAYS 
AFTER TREATMENT 


= | 
Length Breadth | 
globular 43-77. 34-77. 
globular 68-170u 51-153} 
heart-shaped 68-1114 68-1114 | 
torpedo stage 119-272u 111-153u 


occur in the embryo of Phlox drummondit) 
and the suspensor of Tropaeolum majus: 
under the influence of colchicine ( see? 
Anantaswamy Rau, 1956; Sachar &: 
Kanta, 1958 ). | 

The incidence of polyembryony, both! 
in the treated ( Fig. 9) as well as the 
control ovules, was about 3 per cent. As 
in the controls, none of the additional 
embryos survived beyond the globular 
stage. | 

THE ANTIPODALS — The antipodal cells 
form the most conspicuous components ofi 
the mature embryo sac. They seemed to! 
be the least affected by any concentration! 
of colchicine. As usual, they continue 
to increase in size during early post- 
fertilization stages (Fig. 7), but later 
gradually disorganized. 

INTEGUMENTS AND NUCELLUS — The 
ovules are bitegminal and anatropous.| 
Except in the region of the micropyle, the 
inner integument is three layered while: 
the outer comprises two cell layers. At 
the time of treatment the nucellus com- 
prised only one layer. 

A concentration of 0:1 per cent colchi- 
cine had injurious effects on seed coat! 
development, which became more marked! 
in later stages. The inner layer of the} 


I 
| 
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Fics. 7-12 — Fig. 7. L.s. nine-day old ovule treated with 0-1 per cent colchicine : note young 
proembryo at the micropylar end, two of the three antipodal cells, 


Se 5 


All ovules taken 14 days after anthesis. 


11. Seed coat from ovule treated with 0-1 per cent cölchicine. 
while the second layer of the outer integument is degenerated. x 192. 


an ovule treated with 0-001 per cent colchicine. 


Fig. 8. ° Nodule’ magnified from another ovule of the same age. x 173. 
day old twin embryos from an ovule treated with 0-1 per cent colchicine. x 466. 


Fig. 9. Nine 
ut | Figs. 10-12.) 
Fig. 10. Part of seed coat of control ovule. x 166. Fig. 


Between the second layer of the outer integument 
and the endosperm is the persisting inner layer of the inner integument. x 187. | 


and the endosperm ‘ nodule ’.| 


The epidermal cells are enlarged 
Fig. 12. Seed coat from} 


Fics, 7-12, 
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Fies. 13-16 — Embryos dissected from 
mature seeds. Fig. 13. Thirty-day old controls. 
Fig. 14. Twenty-two day old, on treatment with 
0-1 per cent colchicine. Fig. 15. Same age, on 
treatment with 0-01 per cent colchicine. Fig. 
16. Eighteen-day old, on treatment with 0-001 
per cent colchicine. All figures. x 31. 


outer integument, which forms a very 
conspicuous part of the seed coat in the 
untreated ovules (Fig. 10), invariably 
degenerated in the treated ones ( Fig. 11). 
However, the cells of the epidermis en- 
larged considerably, when compared to 
the controls (Figs._10, 11)- In some 
cases the whole of the seed coat was poorly 
developed. A normally developed seed 
coat was observed only: in a small number 
of ovules which also had well formed 
endosperm and embryo (Fig. 2). 

In ovules treated with 0:01 and 0-001 
per cent colchicine the development of the 
seed coat was not only normal but quicker. 
The epidermal cells of the outer integu- 
ment were enlarged as compared to the 
controls (Figs. 10, 12). The radially 
elongated cells of the inner layer of the 
outer integument were impregnated with 
some colouring substances while no such 
deposit was yet present in the untreated 
ovules. Both these effects were well 
marked and uniform in ovules treated 
with 0-001 per cent ( Fig. 12), thus indi- 
cating early maturity. 
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The nucellar tissue, excepting the cells 
of the epistase and hypostase, is com- 
pletely absorbed during later stages of 
development. At maturity the seed coat 
consists of the two thickened layers of the 
outer integument, and the inner persisting 
layer of the inner integument (Fig. 12). 

OvuLE — Up to five days after treat- 
ment the growth of the ovules was quite 
normal. Later fixations, however, re- 
vealed a differential response. 

A concentration of 0-1 per cent proved 
to be very detrimental, as about 95 per 
cent of the ovules showed malformation 
and crumpling in varying degrees. At 
maturity only a few of the seeds were 
healthy, the majority being represented 
by thin papery structures. 

In contrast to the above, ovules treated 
with lower concentrations ( 0°01 and 0-001 
per cent ) not only remained healthy but 
showed early maturity. However, the 
final size attained by the seeds is almost 
the same in the treated as well as the un- 
treated ovaries. 


Summary and Conclusion 


Colchicine is known to affect plant cells 
in a variety of wayst. Of these, the best 
known is c-mitosis, which results in the 
formation of polyploid cells. Colchicine 
also changes the growth pattern of cells. 
While ordinary cells show a distinct pola- 
rity, the treated cells tend to expand in an 
isodiametric fashion. Another significant 
effect of colchicine is that it stimulates 
growth. There have been some reports 
of stimulation in growth through seed and 
shoot treatments (see Eigsti & Dustin, 
1955). Most probably colchicine acts 
upon enzymes in such a way as to accele- 
rate the conversion of starch to sugar, 
which in turn stimulates growth. In- 
creased concentration of colchicine, how- 
ever, leads to repetitive c-mitosis and an 
inhibition of cellular multiplication. 

Recently some workers have studied 
the influence of colchicine on the in vitro 
growth of ovaries of Phlox drummondii 
( Anantaswamy Rau, 1956), and Tropaeo- 
lum majus (Sachar & Kanta, 1958). 
Among features of interest in such ovules, 


1. For details refer to Eigsti & Dustin (1955 ). 


1958 ] 


are the formation of multinucleate cells 
in the embryo or the suspensor, and of a 
nodular endosperm. 

In the present investigation of Arge- 
mone mexicana the main effects of colchi- 
cine are: stimulation of growth with lower 
concentrations, resulting in early matu- 
rity; retardation of growth with higher 
concentration, often followed by degene- 
ration; and finally the appearance of 
‘nodules’ in the free nuclear endosperm. 
The concentrations of colchicine (0-001, 
0-01 and 0-1 per cent ) used do not seem 
to have any influence on the frequency or 
the longevity of the additional embryo in 
the ovule. 

Stimulation of growth increases with 
the lower concentrations of the drug. 
While the untreated ovules matured in 
30 days, those treated with 0:01 per cent 
colchicine reached the same stage in 22 
days and with 0'001 per cent seeds were 
obtained within 18 days. Maturation is 
hastened and progresses normally, the 
pattern of growth remaining unchanged. 

The highest concentration (0:1 per 
cent) used in our experiments affected 
normal seed development. It seems that 
the most affected part in the seed is the 
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endosperm, and failure of normal embryo 
and seed coat development is correlated 
with the degeneration of endosperm. 
However, a direct inhibitory effect of col- 
chicine cannot be ruled out, as the embryo 
failed to differentiate even in ovules with 
well-formed endosperm. The arrested 
growth of embryo is likely to be due to 
colchicine while the final degeneration is 
a consequence of lack of endosperm. 

Considering the effect of colchicine on 
the rate of embryo development it would 
be of some interest to investigate whether 
or not early maturity could be brought 
about in other plants by the use of this 
chemical, and also to see if full develop- 
ment of embryo can be induced in plants 
where the seeds are shed at a stage when 
the embryos are still rudimentary and 
undifferentiated (see Maheshwari, 1950 ). 

The authors are grateful to Professor 
P. Maheshwari under whose guidance this 
work was carried out. Thanks are due 
to the Indian Council of Agricultural Re- 
search, New Delhi, for financing a scheme 
of research on “‘ Chemical stimulation of 
ovules’’ under which this project was 
begun by the senior author a couple of 
years ago. 
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Schnarf (1931) had already reviewed 
the older embryological literature on the 
family Papaveraceae. Many papers have 
been published on the embryogeny of some 
Papaveraceae (see Souéges, 1928, 1936, 
1937, 1948, 1949a, b). Concerning Eschs- 
cholzia Godfrin (1880) described the testa, 
Beatty (1943) studied the mitotic be- 
haviour of the generative nucleus in the 
pollen tubes, and Souèges (1949a) has 
given an account of embryogeny. Accord- 
ing to Souéges, the embryo shows certain 
variations similar to those reported in 
Chelidonium majus (Soueges, 1937). 
Recently Bersillon (1955 ) has discussed 
the perigynous nature of the flower. 


Material and Methods 


The material was collected during 1953- 
55 from the University Gardens. Buds, 
flowers and fruits of all stages were fixed 
in FAA and then transferred to 70 per cent 
alcohol. The seeds were softened by 
treating them with hydrofluoric acid. 
The material was imbedded in paraffın 
and sections cut at a thickness of 6-14 
microns. Heidenhain’s haematoxylin 
proved quite satisfactory for staining. 

In many cases entire embryo sacs were 
dissected out of the ovules and stained 
with acetocarmine. Such preparations 
were useful for studying the fate of the 
antipodal cells and for early stages of 
endosperm. 


Observations 


MICROSPORANGIUM AND MALE GAMETO- 
PHYTE — At the microspore mother cell 
stage the young anther wall comprises a 
single layered epidermis, an unthickened 
endothecium, two middle layers and the 


tapetum (Figs. 1, 2). The epidermis 
and the endothecium persist in the mature 
anther, while the two middle layers 
usually become obliterated (Fig. 3)! 
The tapetum is of the secretory type: 
To begin with, its cells are small and 
uninucleate, but later they become multi: 
nucleate. The nuclei often fuse to form 
irregular polyploid masses. During tetrad 
formation, most of the cells become hyper: 
trophied and show large vacuoles ( Figs 
4-5). The tapetum gets consumed a 
the 2-celled stage of the pollen grain 
(Fig. 3). | 

The meiotic divisions in the microspor 
mother cells are simultaneous ( Figs. 6-8 ); 
Wall formation occurs by furrowing. The 
tetrads are tetrahedral or isobilater 
(Figs. 9, 10). The microspore enlarge 
in size, its nucleus divides to form the tube 
and generative nuclei (Figs. 11, 12) 
Most of the pollen grains become heavily 
packed with starch grains ( Fig. 13) 
A few, which are devoid of any food depo: 
sit, remain smaller (Fig. 12). At abou! 
this stage the anther locules split | 


along the partition wall. 

OvuLE — The ovules arise on pariet 
placentae. They are bitegmic, crass 
nucellate and anatropous (Figs. 14-1 
18). The nucellus, although well dev 
loped, is gradually consumed by th 
developing gametophyte. This proce 
is greatly accentuated after fertilizatio 
when the free nuclear endosperm enlarg 
considerably. Only a few layers of n 
cellar cells, situated at micropylar an 
chalazal ends, remain intact, althoug! 
they finally become devoid of content 
These groups of cells may be designatee 
as epistase and hypostase respectively, 
A similar feature has already been recor 
ed in Argemone mexicana ( Sachar, 155) 

| 


10 


Fics. 1-13 — Microsporangium and male gametophyte. Fig. 1. T.s. young anther at micro- 
spore mother cell stage. x 101. Fig. 2. Magnified view of part of the microsporangium marked 
yin Fig. 1. x 1052. Fig. 3. Anther wall at mature pollen grain stage. x 616. Figs. 4, 5. Multi- 
iucleate tapetal cells. x 6t6. Figs. 6-8. Microspore mother cells during the formation of tetrads. 
x 1052. Figs. 9, 10. Tetrahedral and isobilateral tetrads. x 1052. Fig. 11. Uninucleate micro- 
pore. x 1233. Figs. 12, 13. 2-celled pollen grains; note the presence of starch grains in Fig. 13. 
x 1233. 


Normally both the integuments take swollen. In such cases the micropyle is 
art in the formation of the micropyle, formed only by the inner integument 
ut in some ovules the inner integument (Fig. 17). 
1as been found to project beyond the MEGASPORANGIUM AND FEMALE GAME- 
iter with its terminal part conspicuously TOPHYTE — The archesporium differen- 
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Fics. 14-18 — Orientation of the ovule. 
Figs. 14-16, 18. L.s. ovules showing the course 
of curvature during the development of tetrad 
and female gametophyte. x 1694. Fig. 17. 
Abnormal ovule with inner integument protrud- 
ing beyond the level of outer integument. 
x 1694. 


tiates in the hypodermal layers and com- 
prises one or more cells ( Fig. 19). These 
undergo periclinal divisions giving rise to 
the parietal and the sporogenous layers. 
Usually two megaspore mother cells 
become prominent, but eventually only 
one of them develops further (Figs. 20-22). 
The functional mother cell forms a linear 
tetrad. The upper three megaspores 
degenerate in situ, while the chalazal 
megaspore gives rise to an 8-nucleate 
embryo sac ( Figs. 23-27). This is rather 
broad at the micropylar end and narrow 
towards the base ( Fig. 27). In Argemone 
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the shape of the embryo sac is just the 
reverse (Sachar, 1955 ). 

In most of the cases the two polaı 
nuclei fuse in the upper part of the embryc 
sac ( Figs. 27, 30, 31). Eschscholzia thus 
differs from Argemone where the upper 
polar nucleus always migrates to the 
chalazal end and fuses with the loweı 
polar nucleus. | 

The egg apparatus comprises two syner- 
gids and the egg. One of the synergid: 
degenerates at the time of fertilizatior 
and the other a little later. The egg has 
a large terminal vacuole with its nucleu: 
situated towards the basal end ( Figs 
30,317). 

The antipodal cells simulate the eg; 
apparatus, but their size is somewha: 
larger. They attain their maximum size 
at the mature embryo sac stage ( Fig. 27 ) 
In each antipodal cell, the nucleus i 
situated above, while the vacuole occupie 
a basal position. The antipodal cells may 
remain healthy during the early stages o 
endosperm development (Fig. 17), bu 
as free nuclear divisions proceed, ther 
take up a denser stain and finally de 
generate (Figs. 32, 33). In Argemon 
( Joshi, 1933; Bose, 1937; Sachar, 1955 ) 
Fumaria, Corydalis and Papaver ( Huss 
1906 ), the antipodal cells become greath 
hypertrophied and continue to grow it 
size during postfertilization stages. I 
Fumaria (Saksena, 1954) the antipodé 
nuclei become lobed. Schiirhoff ( 1926 
considered large and persisting antipod: 
cells to be a characteristic feature of thi 
family. Eschscholzia seems to be a 
exception, since in this case the antipod: 
cells are not so long lived. 

ABNORMAL EMBRYO SACS — In som 
embryo sacs more than eight nuclei weı 
observed. In a 15-nucleate embryo se 
the egg apparatus comprised five cel 
one of which was fertilized, while the re: 


Fics. 
dermal archesporial cells. x 1870. 
parietal cells. x 1870. 
x 1870. 


19-27 — Megasporangium and female gametophyte. 


Fig. 19. L.s. ovule with 4 hyp 


> _Fig. 20. Two megaspore mother cells along with their prima: 
Is 0. Fig. 21. Single megaspore mother cell superposed by two parietal cell 
Fig. 22. Dividing megaspore mother cell. x 1870. Fig. 23. Formation of a linear tetra 


note that the 2-3 layers in the apical part of the nucellus are formed by divisions of the nucell 


epidermis. x 1870. 
Figs. 25, 26. 
x 1404. 


Fig. 24. Functional megaspore with 3 degenerating megaspores. X 
2- and 4-nucleate embryo sacs. x 1870. e Stas Me 


Fig. 27. Organized mature embryo sa 


Fics. 19-27. 
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seemed to function as synergids. There 
were two polar nuclei and eight antipodal 
cells (Fig. 28). In another embryo sac 
there were 18 nuclei of which six composed 
the egg apparatus consisting of two egg 
cells and four synergids. There were two 
pairs of fusing polar nuclei and eight anti- 
podal cells ( Fig. 29). In these cases the 
supernumerary nuclei were presumably 
due to the development and fusion of 
twin megaspores. As already stated, 
sometimes more than one megaspore 
mother cell is observed and it is quite 
likely that two of them may develop into 
tetrads. The number of nuclei in such 
gametophytes need not always be 16. 
A 15-nucleate condition can either be due 
to the degeneration of one nucleus after the 
16-nucleate stage, or to a failure of division 
of one of the nuclei at the 8-nucleate stage. 
On the other hand, an 18-nucleate embryo 
sac might result by extra divisions of one 
or two nuclei. 

Double fertilization has been observed. 
After syngamy the nucleoli still remain 
distinct for some time. Correspondingly 
the primary endosperm nucleus showed 
three nucleoli ( Fig. 31). In some embryo 
sacs syngamy was accomplished quickly, 
whereas triple fusion seemed to take a 
longer time (Fig. 30). The pollen tube 
stains densely and its remnants can still 
be seen during the early stages of the free 
nuclear endosperm (Fig. 33). 

ENDOSPERM — The endosperm is of the 
Nuclear type ( Figs. 17, 32, 33.). After a 
few free divisions the nuclei arrange them- 
selves along the periphery of the embryo 
sac. At a later stage of development the 
nuclei at the apical and chalazal ends show 
some morphological variations. Those 
situated in the apical part of the embryo 
sac remain smaller and have inconspicuous 
spherical nucleoli. The chalazal nuclei 
are hypertrophied and have larger nucleoli 
(Fig. 35). Such an increase in size 
has been found to result from nuclear 
fusions ( Fig. 37). There is also a greater 
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accumulation of cytoplasm in the chalazal 
end. Some embryo sacs show a number 
of small cytoplasmic protuberances arising! 
from the peripheral layer of the cytoplasm 1 
each having a single nucleus (Fig. 36 )} | 

Cell formation in the endosperm is ini! 
tiated at the micropylar part and proceeds} 
downwards along the periphery of the 
embryo sac allowing a large vacuole in the 
centre. Wall formation stops half-way 
down leaving a free nuclear part at the 
chalazal end (Fig. 34).. Ultimately the 
entire endosperm becomes cellular ( Figs} 
38, 39). The newly formed endosperm] 
cells are thin-walled and richly proto] 
plasmic. The majority of them are 
uninucleate ( Fig. 40), but those situated] 
in the chalazal part of the embryo sacı 
often show two nuclei ( Fig. 41). These 
nuclei may fuse to form a large irregulay 
nucleus (Figs. 42, 43). | 

In Argemone, at first a single layer at 
endosperm cells is laid down: along the 
periphery of the embryo sac. It is by the 
activity of this layer and its derivatives} 
that the sac becomes filled with a | 
endosperm (Sachar, 1955 ). | 

Only a part of the endosperm is con] 
sumed by the developing embryo, while 
the bulk of it persists in the mature seed] 
(Fig. 39). The cells are densely packed} 
with oil globules but may also contain 
a few starch granules (Figs. 40-44). | 

Empryo — The first division of the 
zygote is followed by a transverse wal 
( Figs. 45, 46). The apical as well as thet 
basal cell undergo another prance 
division forming a linear 4-celled pro} 
embryo ( Figs. 47, 48). Further divisiong| 
give rise to a uniseriate filamentous pro3| 
embryo composed of a varying number off 
cells (Figs. 49-51). The apical cell of 
such a proembryo then undergoes twa 
vertical divisions at right angles to each} 
other so as to form a quadrant ( Figs) 
52-54). Next comes the octant stage 
(Fig. 55). The suspensor is formed 
by the derivatives of the basal as well as} 


Fics. 28-31 — Fig. 28. 15-nucleate compound Enr yo sac ( reconstructed ). 
1328 
note the large antipodal cells at the chalazal end. x 1328. 


18-nucleate embryo sac (reconstructed ). 


Figs. 


x 1770. Fig. 29 
30, 31. | 


Stages in doable fertilization 


Fics. 28-31. F 
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Fics. 32-44 — Development of endosperm. Fig. 32. Embryo sac with zygote, two endospern 
nuclei and the remnants of degenerated antipodal cells. x 595. Fig. 33. Free nuclear endosperm | 
the antipodal cells are in the process of degeneration. x 893. Fig. 34. Formation of cellular endo: 
sperm (cross hatched ) from above downwards; note that the extreme chalazal end is still free nucleat 
( dotted area) and the central embryo sac cavity is empty. x 203. Fig. 35. Magnified view of the 
nuclei from the chalazal part of the nuclear endosperm. x 1440. Fig. 36. Part of nuclear endosper 
enlarged to show the uninucleate endosperm vesicles. x 893. Fig. 37. Fusing endosperm nucle 
x 1440. Figs. 38, 39. Advanced stages of cellular endosperm occupying the entire embryo sad 
cavity. x 102. Fig. 40. Uninucleate endosperm cell. x 893. Fig. 41. Same, showing binucleat 
condition. x 893. Figs. 42, 43. Endosperm cells with irregular nuclei produced as a result of fusion. 


x 893. Fig. 44. Endosperm cell showing a heavy deposition of fat globules and a few starch grains; 
no nucleus could be made out. x 893. | 


Figs. 45-55. Early stages of embryogeny ( for 


FY 45-62 — Development of em 
1496. Figs. 56, 


_ Fics. -62 — bryo. ig 3 expla- 
ation refer text). x 57. Globular and heart-shaped embryos, Fig. 56. x 1496. 
ig. 57. x 748. Figs. 58-62. Stages in the formation of cotyledons, x 182. 
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Fics. 63-66 — Development of the seed coat. 
integument; vu, nucellus; oi, outer integument ). 
lization. x 165. 
Stages in the development of the seed coat magnified from Figs. 63, 65 (marked x 


Fig. 64. x 1754. Fig. 66. x 1080. 


the apical cell. Later divisions give rise 
to the globular and heart-shaped stages 
(Figs. 56, 57). The embryo showed 
four and rarely five cotyledons. Such a 
condition is brought about by the splitting 
of the primordia of two cotyledons and 
is not due to the laying down of a cor- 
responding number of primordial initials 
(Figs. 58-62). The above description 
gives only a general trend of embryo deve- 
lopment. Since there is considerable 
variation, it was not possible to trace the 
regular sequence of embryogeny. Souéges 
(1949a) accounted for each and every 
tier of the proembryo but admitted at one 


| 
(end, endosperm; hy, hypostase; 7, in 
Fig. 63. L.s. ovule at the time of: fer 


Fig. 65. L.s. seed at the heart-shaped stage of the embryo. x 120. Figs. 64, 


) respective 


place that the proposed eee 
were quite uncertain in many respects. 

SEED Coat — At the time of fertiliz: 
tion the outer integument comprises A 
layers and the inner integument comprisé 
3-4 layers of cells. Both integumen 
are slightly swollen in the micropylar zon 
At first all the layers appear to be more 


1. To quote Souéges’ own words, “Il a é 
possible de rapporter le plus grand number d 
formes a la tétrade seconde de la catégorie ( 
mais les interprétations proposées sont ass 
incertains et les lettres qui accompagnent | 
figures dans beacoup de cas ont une significatic 
purement conjecturale.”’ 
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less alike ( Figs. 63, 64). Later, there is 
an unequal enlargement of different layers 
and thickening of certain layers belonging 
to both the integuments. 

The cells of the outer epidermis of the 
outer integument enlarge considerably 
as compared to the remaining layers and 
become cutinized. At certain places the 
cells became extended in the radial direc- 
tion, while at others they present a flatten- 
ed appearance due to their growth along 
the tangential plane only ( Figs. 65, 66). 
The remaining layers of the outer integu- 
ment are thin-walled ( excepting the inner- 
most which develops a cutinized thicken- 
ing on its inner tangential wall) and 
become greatly flattened ( Fig. 66). 

The outer 1-2 layers of the inner integu- 
ment increase in size only slightly. It is 
the next layer which becomes prominent 
due to the larger size of its cells and dense- 
ly staining contents. Later, this layer 
develops scalariform thickenings and 
provides mechanical strength to the seed 
coat ( Fig. 66). 

In his account of the seed coat of Eschs- 
cholzia, Godfrin ( 1880) did not trace the 
fate of the different layers of the two integu- 
ments, but categorized them arbitrarily 
into five different zones. The figure drawn 
by him is confusing because both the 
integuments are shown in a fused state. 


Summary and Conclusion 


The mature anther wall comprises the 
epidermis and fibrous endothecium. The 
two middle layers and the multinucleate 
tapetum are consumed during the forma- 
tion of the pollen grains. The microspore 
mother celis divide simultaneously, form- 
ing tetrahedral and isobilateral tetrads. 
The pollen grains are 2-celled at the time 
of shedding and are packed with starch. 

The ovules are crassinucellar, bitegminal 
and anatropous. Usually both the integu- 
ments form the micropyle but occasionally 
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the inner integument projects considerably 
beyond the outer and in such cases this 
alone forms the micropyle. 

The archesporium may be unicellular 
or multicellular. Normally only one 
megaspore mother cell develops to form 
a linear tetrad. The chalazal megaspore 
gives rise to an embryo sac of the Poly- 
gonum type. Rarely compound embryo 
sacs with 15 or 18 nuclei have been ob- 
served. The antipodal cells are larger 
than the cells of the egg apparatus, but 
unlike other members of the Papaveraceae 
they do not persist or enlarge during post- 
fertilization stages. The polar nuclei usual- 
ly fuse before the entry of the pollen tube. 

Double fertilization has been observed. 
In some ovules syngamy is accomplished 
before triple fusion. 

The endosperm is Nuclear. The endo- 
sperm nuclei occupying the chalazal region 
often fuse to form large and _ irregular 
masses. Wall formation begins from the 
apex downwards so that there is long seen 
a chalazal free nuclear portion. Only a 
part of the endosperm is consumed by the 
developing embryo, most of it persisting 
in the mature seed. The cells are filied 
with fat globules and starch granules. 

The first division of the zygote is trans- 
verse. The apical as well as the basal cell 
divide transversely. The suspensor is 
formed by the derivatives of the basal and 
the apical cells, while the embryo is formed 
only from the derivatives of the apical cell. 
The mature embryo has four, rarely five, 
cotyledons. 

Both the integuments take part in the 
formation of seed coat. The mechanical 
strength of the testa is due to the cutinized 
cells of the outermost layer of the outer 
integument and to one layer of the inner 
integument which develops scalariform 
thickenings. 

The authors extend their appreciation 
to Professor P. Maheshwari for his interest 
in the investigation. 
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Introduction 


The embryological work on the family 
Acanthaceae has been reviewed quite 
recently by Maheshwari & Negi (1955). 
Since then Phatak & Ambegaokar have 
studied the development of the female 
gametophytes in Elytraria acaulis, Barleria 
prionitis and Acanthus ilicifolius (1955) 
and the endosperm and embryo in Barleria 
prionitis (1956). A short account of the 
life-history of Elytraria acaulis has been 
given by Johri & Singh ( 1956 ) and of the 
endosperm and embryo development of 
Peristrophe bicalyculata, Barleria cristata 
and Adhatoda vasica by Mohan Ram 
(1956). Bhaduri (1944) studied the 
pollen morphology of a large number of 
species with reference to the identification, 
classification and phylogeny of the Acan- 
thaceae. Bremekamp ( 1944 ) revised the 
taxonomy of the tribe Strobilanthinae 


PHYTOMORPHOLOGY [ 1 
} 


The embryology of Arge- 


SOUÈGES, R. 1928. 
chez le Papaver rhoeas L. 
France 4: 452-469. 

— 1936. Embryogénie des Papavéracées. D) 
veloppement del’embryon chez le Chehdoniw) 
majus L. C.R. Acad. Sci. Paris 203 : 678-6 

— 1937. Développement de l’embryon chez) 
Chelidonium majus L. Ann Sci. nat. Ba 
19 : 445-466. | 

— 1948. Embryogénie des Papavéracées. | 
veloppement de l’embryon chez le Roemen 
violacea Medic. C. R. Acad. Sci. Paris 228 
979-981. 5 | 

— 1949a. Embryogénie des Papavéracées. D 
veloppement de l'embryon chez l’Esch 
cholzia californica Cham. C. R. Acad. Sô 
Paris 229: 485-487. 

— 1949b. Embryogénie des Papavéracées. 
veloppement de l’embryon chez l’Argemo! 
mexicana L. C. R. Acad. Sci. Paris 224 
573-576. 


Development de l’embry 
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taking into account the morphology 
pollen grains along with other characte 
Mauritzon’s ( 1934 ) account of the po 
fertilization changes in Justicia is i 
complete and there has been no ot 
work on the genus since then. 


Material and Methods 


The material was collected from tl 
Delhi Ridge during the months of Augus 
December (1954-1955) and fixed 
formalin-acetic-alcohol. Sections were 
4-15 microns thick and stained wii 
Heidenhain’s iron-haematoxylin, so 
times with a counterstain of Fast Gre 
Acetocarmine squashes were made 
study microsporogenesis and pollen grair 
Whole mounts stained with acetocarmi] 
were prepared in addition to sections | 
study the endosperm and older stages 
embryo. 


1958] MOHAN RAM & SEHGAL—THE LIFE-HISTORY OF JUSTICIA SIMPLEX DON. 125 


Observations 


The small, pale purple flowers are 
arranged in broad, densely hairy, cylindric 
spikes which are 25-100 mm long. The 
length of the flowers varies from 5 to 10 mm. 
Bracts and bracteoles are either longer 
than the calyx segments or at least equally 
long in the buds and in a few open flowers. 
In the majority of open flowers and fruits, 
however, the calyx segments are longer 
than the bracts and bracteoles. Thus 
there is a gradation in the comparative 
lengths of bracts and bracteoles in relation 
to the calyx segments from the tip of the 
spike downwards. 

MICROSPORANGIUM — The young sta- 
men has two anther lobes situated at the 
same level (Fig. 2). But, during the 
reduction divisions of the microspore 
mother cells, the connective which unites 
the two anther lobes elongates, so as to 
place them at different heights ( Fig. 1). 
The anther wall at the mother cell stage 
consists of the epidermis, endothecium, 
a single middle layer and the tapetum. 
As the microspores mature, the outer 
tangential walls of the epidermis become 
undulated and cutinized. Initially, the 
endothecial cells are cuboidal but finally 
those lying along the connective show a 
relatively greater radial elongation than 
those present on the inner face of the 
anther. 

Simultaneous with the degeneration of 
the nuclei, fibrous thickenings develop in 
all the endothecial cells except those 
situated at the point of dehiscence. The 
middle layer is quite distinct in early 
stages, but is gradually obliterated after 
Prophase I. The innermost layer of the 
anther wall develops into a glandular 
tapetum. The tapetal cells are uninu- 
cleate to begin with but become binucleate 
at the time the microspore mother cells 
enter into the meiotic prophase. The 
divisions of the microspore mother cells 
are followed by an elongation of the tape- 
tal cells lying in the neighbourhood of the 
septum, while the rest of the tapetal cells 
remain as such (Figs. 3, 3a). A dimorphic 
tapetum of this kind has also been des- 
cribed by Narayanan (1956) in J. betonica. 

MICROSPOROGENESIS — In the micro- 

pore mother cells a special sheath of 


mucilage is found just within the original 
cell wall. The reduction divisions are 
simultaneous and quadripartition occurs 
by furrowing (Figs. 4, 5). The micro- 
spore tetrads are of the tetrahedral ( Fig. 
4), decussate (Fig. 6) and isobilateral 
(Fig. 5) types. The last type is less 
common, while the first two types are 
more frequent. Sometimes the meiotic 
behaviour is erratic. In one instance an 
irregular distribution of the chromosomes 
was noted along the spindle in Anaphase 
II. Anaphasic and telophasic chromo- 
some bridges were quite common. 

“Tetrads’ with five, six and eight 
spores have.also been observed ( Figs. 7-9). 
The accessory microspores perhaps arise 
by further divisions of one, two or more 
microspores. Mukherjee (1952) reports 
the occurrence of six to eight spores in 
Caesalpinia pulcherrima. He attributes 
the disturbances in the meiotic behaviour 
of microspore mother cells to fluctuations 
in temperature or other environmental 
factors. In a triploid variety of Lantana 
camara, Tandon & Bali (1955 ) observed 
polyspory resulting from irregularity in 
chromosome distribution at anaphase and 
the presence of lagging chromosomes. 

POLLEN MORPHOLOGY — The biporate 
pollen grains are 2-nucleate at the time of 
shedding and are studded with starch 
grains (Fig. 11). They generally appear 
circular in polar view, and oblong-ellip- 
soidal when seen from the sides ( Figs. 
10, 12). The microspore wall differen- 
tiates into a thick exine and a thin intine. 
The former is further distinguishable into 
an outer sexine beset with minute but 
dense echinulations and an inner non- 
sculptured nexine (Fig. 13). 

Adjacent to each germ pore there are 
seen 2-3 longitudinal furrows or ‘ hermo- 
megathi’ which contain 5-7 rounded 
areoles ( Figs. 15, 16). Justicia betonica 
and J. gendarussa have three germ pores 
each ( Bhaduri, 1944), a common feature 
of the Acanthaceae. But Ruellia pros- 
trata has six, Cardanthera triflora has four, 
and Sanchezia nobilis, Adhatoda vasica 
and Rungia parviflora have two, while 
Thunbergia grandiflora and T. erecta have 
none. ‘These plants, according to Bhaduri 
form exceptions to the general rule. In 
J. simplex the intine protrudes out of the 


Figs. 1-22 — (bo, bracteoles; by, bract; c, connective; ca, calyx lobe; co, corolla; d, dis 
/, anther locule; 0, ovule; pg, pollen grain; sp, septum; sr, spur; st, style; ¢, tapetum; vs, vascull 
supply ). Fig. 1. L.s. flower bud showing anther lobes of each stamen at different levels. x 2 
Hig. 2. T.s. flower bud) x 28. Big. 3.T.s. microsporangium with elongated tapetal cells along t 
septum. x 28. Fig. 3a. Part marked (X) enlarged from Fig. 3. x 375. Figs. 4-5. Quadripartition | 
microspore mother cells by furrowing. x 625. Fig. 6. Decussate tetrad (diagrammatic). x 62 
Figs. 7-9. ‘ Tetrads ’ showing polyspory (diagrammatic ). x 625. Fig. 10. Microspore nucleus | 
division. x 550. Fig. 11. Two-celled pollen grain full of starch; note intine protruding out of tI 
germ pores. x 625. Fig. 12. Same, pollen in top view. x 625. Fig. 13. Mature grain with lar 
sized and fewer starch grains. x 690. Fig. 14. Pollen grain germinating in situ. X 625. Kiel 
Areoles in two alternating rows. Note absence of starch grains. x 625. Fig. 16. Triangular polle 
grains with areoles in six rows. x 625. Figs. 17, 18. Microspores having quadrangular and triangul: 
shapes. x 625. Figs. 19, 20. Extensive development of nexine as compared with sexine. x 62 
Figs. 21, 22. Compound pollen grains. x 625. | 


| 
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germ pore at the time of shedding ( Figs. 
11,12). Such a protrusion of the intine 
was also recorded by Bhaduri ( 1944) in 
J. gendarussa, J. betonica and Odontone- 
mella indica. Sometimes the pollen grains 
are observed germinating in situ (Fig. 14), 
a phenomenon also noted by Johri & 
Singh ( 1956 ) in Elytraria acaulis. Smaller 
pollen grains, free of starch, are common 
(Fig. 15) and in these, the intine does 
not come out at maturity. The per- 
centage of such grains varies from 3 to 
5 in each microsporangium. Aberrant 
microspore mother cells usually produce 
dyads, which at maturity are triangular 
and 2 porate (Fig. 16). These pollen 
grains have six ‘ hermomegathi ’ which 
coalesce at the poles. In still other cases 
circular and quadrangular grains are 
produced, some of which have extensive 
nexine development (Figs. 17-20). Bhaduri 
(1944) is of the opinion that pollen 
dimorphism is a characteristic feature of 
Hygrophila spinosa, Rhinacanthus commu- 
mis and Justicia gendarussa. Bremekamp 
(1938 ) noted ‘ Spiraperture ’ and ‘ Zona- 
perture ’ grains in a single flower of Thun- 
bergia grandiflora. He further noted eight 
pollen types in a single anther of Dicliptera 
javanica (Bremekamp, 1942). Despite 
these variations, which are of sporadic 
occurrence, pollen morphology forms an 
important criterion of the classification 
of the Acanthaceae. 

ABERRANT MICROSPORES — The abnor- 
mal divisions of the microspore mother 
cells result in the formation of dyads and 
triads. Sometimes a mother cell develops 
directly into a pollen grain. Dyads, triads 
and ‘tetrads’ show the differentiation of 
an exine while the pollen grains are still 
enclosed by the special mucilage sheath. 
Compound pollen grains resulting from 
failure of microspores to separate fully 
from each other have also been observed 
Srigs. 21, 22). 

OvuLE — The ovules are anatropous, 
unitegmic and tenuinucellate. The single 
integument forms a narrow micropyle. 
The nucellar epidermis becomes consumed 
during the development of the megaspore 
tetrad. The vascular supply from the 
funiculus does not reach the chalazal end 
of the embryo sac ( Fig. 25 ) as in Diptera- 
canthus patulus (Maheshwari & Negi, 


1955). At the base of the micropyle and 
almost at right angles to it, there arises a 
schizogenous cavity in the funiculus 
which extends towards the vascular supply 
( Figs. 25, 26). The cavity is quite well 
developed even at the 2-nucleate stage of 
the embryo sac and has probably not been 
observed in pre-fertilization stages in any 
member of the Acanthaceae. In fertilized 
ovules, Mauritzon (1934) noted the oc- 
currence of a slit between the integu- 
ment and the funiculus in Ruellia decais- 
niana. 

A couple of layers of cells surrounding 
the schizogenous cavity gradually lose 
their contents and develop spiral thicken- 
ings. 

JACULATOR — A small hump-like out- 
growth develops on the funiculus from a 
group of parenchymatous cells lying away 
from the micropyle (Fig. 25). This is 
called the ‘ retinacula ’ or the ‘ jaculator ’. 
Its cells gradually become elongated ( Fig. 
47 ) and vacuolated and develop reticulate 
thickenings. The mature jaculator reaches 
about 4 the length of the seed and is,a 
concave hook-shaped structure. The cells 
which connect the funiculus with the 
ovule proper are thin-walled and form the 
weakest point at which the mature seed 
disjuncts, leaving on its upper side the 
funiculus with a part of the integument. 

MEGASPOROGENESIS AND FEMALE GAME- 
TOPHYTE — A single hypodermal arche- 
sporial cell functions directly as the 
megaspore mother cell (Fig. 23). The 
chalazal megaspore of the linear tetrad 
gives rise to a Polygonum type of embryo 
sac (Figs. 24, 27, 28). The micropylar 
part of the embryo sac starts extending 
into the schizogenous cavity at the 
4-nucleate stage and forms a sort of 
caecum (Fig. 27). In certain members 
of the Acanthaceae, like Ruellia ( Maurit- 
zon, 1934 ), and Elytraria ( Johri & Singh, 
1956), the tip of the embryo sac pene- 
trates into the micropyle carrying the 
egg apparatus with it. Justicia differs 
from the above-mentioned cases in that 
the egg apparatus or the zygote remains 
in situ. Such a “‘ micropylar embryo sac 
caecum ’ extending into the funiculus 
prior to fertilization does not seem to have 
been reported either in this family or else- 
where. However, micropylar endosperm 


Fics. 23-31. 
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haustoria are known to make their way 
into the funiculus in many members of 
the Acanthaceae. 

The synergids are usually ephemeral, 
but in a few cases they persist during the 
early stages of endosperm development 
(Fig. 33). In Dipteracanthus patulus 
(Maheshwari & Negi, 1955) one of the 
synergids usually degenerates before ferti- 
lization, but at times it may _ persist 
and even become highly enlarged. Singh 
(1956) reports the persistence of one of 
the synergids even during late stages of 
endosperm development in Elytraria 
acaulis. The antipodal cells usually de- 
generate prior to triple fusion. One case 
where they were seen in a healthy condi- 
tion even after the first division of the 
primary endosperm nucleus is shown in 
Fig. 32. Persistence of the antipodals has 
also been reported in Aphelandra auran- 
haca ( Hartmann, 1923 ), Elytraria acaulıs 
( Johri & Singh, 1956) and Barleria cris- 
tata (Mohan Ram, 1956). Phatak & 
Ambegaokar ( 1956) have observed that 
in Barleria prionitis the antipodal cells 
are not only persistent but undergo repeat- 
ed divisions. The embryo sac is full of 
starch at the 8-nucleate stage ( Fig. 28), 
but the starch disappears during the early 


_— 
Fics. 32-36 — (a, antipodals; cch, central 
chamber; ch, chalazal haustorium; deg, degener- 
ating synergid and egg; e, embryo; fc, free nuclear 
central chamber; m, micropyle; mh, micropylar 
haustorium; /c, lower chamber; s, synergids; sc, 
schizogenous cavity ; uc, upper chamber; z, zygote). 
Fig. 32. Endosperm showing a 2-nucleate lower 
and uninucleate upper chamber. x 206. Fig. 33. 
Micropylar chamber just being cut off. Note the 
persisting synergids. x 206. Fig. 34. 2-nucleate 
micropylar and chalaza! haustoria and 4-nucleate 
central chamber. x 206. Fig. 35. Endosperm 
with free nuclear central chamber and 2-celled 
proembryo. x 206. Fig. 36. 16-nucleate central 
chamber with a filamentous proembryo. x 206. 


> 


<_ 
Fics. 23-31 — (a, antipodals; ce, embryo sac caecum; eg, egg apparatus; f, funiculus; 7, Jacu- 
lator; m, micropyle; pn, primary endosperm nucleus; ps, polars; sc, schizogenous cavity; vs, 
vascular supply; z, zygote). Fig. 23. Micropylar part of the ovule showing megaspore mother 
cell. x 413. Fig. 24. Linear tetrad; the upper two megaspores are degenerating. X 413. Fig. 25. 
L.s. ovule showing embryo sac connected with the schizogenous cavity. x 94. Fig. 26. 2-nucleate 
embryo sac. x 413. Fig. 27. 4-nucleate embryo sac with its tip extending into the schizogenous 
cavity. x 413. Fig. 28. Ovule containing mature 8-nucleate embryo sac. x 94. Fig. 29. Embryo 
sac showing double fertilization. x 206. Fig. 30. L.s. ovule at the stage shown in Fig. 31 ( dia- 
grammatic ). x 94. Fig. 31. Embryo sac with micropylar caecum completely extended into the 

schizogenous cavity. x 206. 
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development of the endosperm ( Figs. 

354780). 

ENnDOSPERM — Double fertilization has 
been observed (Fig. 29). The chalazal 
part of the embryo sac enlarges and the 
primary endosperm nucleus comes to lie 
at this end (Figs. 30, 31). Its division 
is followed by a wall forming a small 
chalazal and a large upper chamber ( Fig. 
32) .The latter, by another transverse 
partition, sets aside the micropylar and 
the central chambers (Fig. 33). 

The chalazal chamber becomes richly 
cytoplasmic and binucleate and functions 
as a haustorium (Fig 35). It probably aids 
in the transport of nourishment to the 
endosperm proper. Usually it has two 
nuclei but sometimes there are three or 
four, and rarely there is only one nucleus 
( Figs: 48, 49). The nuclei become irre- 
gular in shape and degenerate just after 
the globular stage of the embryo. 

Both the nuclei of the micropylar 
chamber migrate into the embryo sac 
caecum, which thus becomes the micro- 
pylar haustorium (Figs. 34-36). The 
latter reaches almost up to the vascular 
supply of the funiculus. No disorganiza- 
tion of the tissue surrounding the haus- 
torium was caused as observed in Adha- 
toda vasica (Mohan Ram, unpublished ). 
Sometimes the haustorium persists in the 
mature seed. 

Rapid free nuclear divisions occur in the 
central chamber and the resulting nuclei 
usually aggregate round the proembryo 
(Fig. 36). A tubular outgrowth arises 
from the base of the central chamber while 
it is still free nuclear (Figs. 36, 37). 
Wall formation starts in the upper region, 
and after about a hundred nuclei have been 
formed, the nuclei gradually extend down- 
wards (Fig. 38). Thus for some time, 
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two regions — the upper cellular and th 
lower free nuclear — are distinguishab 
in the central chamber. Mauritzon (1934 
designates this free nuclear lower regi 
as the basal apparatus. The centr; 
chamber enlarges considerably by furth+ 
divisions. The nuclei in the basal appa 
ratus may be evenly distributed, ¢ 
they may be specially aggregated à: 
one point (Fig. 39). At the globuk 
stage of the embryo, walls are also lai 
down in the basal apparatus. Wa 
formation may be initiated from the ce 
lular region downwards ( Fig. 46 ) or froi 
below upwards ( Figs. 40, 41). In sti 
other cases it does not follow any definit 
pattern ( Fig. 42), resulting in the form: 
tion of uni- and multinucleate cells. Th 
basal apparatus remains distinct up to tk 
late heart-shaped stage of the embry 
( Figs. 42, 43 ), and its degeneration star! 
only after the cotyledons have bee 
differentiated. It can be recognized as 
shrunken appendage of the central cha 
ber even in the fully developed seed ( Fig 
44, 45). | 
The basal apparatus does not gro: 
around the cellular endosperm as reporte 
by Mauritzon (1934) in Ruellia, Blechun 
Asteracantha, Brillantaisia and Hemigre 
phis. The cells of the central endospert 
chamber at the funicular end are longe 
contain larger nuclei and have dens« 
cytoplasm than the rest of the endosper! 
cells. Since the elongation of these cel 
coincides with the disappearance of tl 
chalazal haustorium, it may be presume 
that they take over the function of supph 
ing nourishment to the developing embry: 
The growing embryo consumes all tl 
endosperm save the two outermost laye 
which are present even in the mature see 
In addition, a mass of endosperm cel 


Fics. 37-45 — Drawn from dissected 


whole mounts. 


(ba, basal apparatus; cc, cellul 


central chamber ; ch, chalazal haustorium; e, embryo; fc, free nuclear central chamber; sh, seeonda: 
haustoria). Fig. 37. Endosperm showing 32-nucleate central chamber and a 2-nucleate chalaz 
haustorium. x 150. Fig. 38. Same, showing an upper cellular part and a lower free nuclear bas 
apparatus. x 150. Fig. 39. Aggregation of nuclei in the basal apparatus. x 150. Fig. 40. Centr 
endosperm chamber at the globular embryo stage. Note the cellular basal apparatus. x 33. Fig. 4 
Basal apparatus from Fig. 40 enlarged to show the uni- and multinucleate cells. x 15 
Fig. 42. Endosperm at late heart-shaped stage of the embryo. x 33. Fig. 43. Basal apparat 
enlarged from Fig. 42 to show the apical and intercalary multinucleate cells. x 150. Figs. 44, 4 


ae ee disorganization of the basal apparatus. Note the position of secondary haustori 
CENS xcs: 


ee 
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Fics. 37-45. 
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representing the secondary haustorial cells 
persists at the funicular end (Fig. 52). 

Empryo — The first division of the 
zygote is transverse ( Figs. 54, 55). Fur- 
ther divisions in the same plane produce 
a filamentous proembryo ( Fig. 56) which 
passes through the usual quadrant and 
and octant stages (Figs. 57, 62). The long 
suspensor pushes the embryo proper into 
the central chamber ( Fig. 36). Elongat- 
ed and vacuolated suspensor cells, each 
containing 2 nuclei, are quite common in 
Justicia. The micropylar part of the 
suspensor degenerates during the early 
stages of endosperm development. A 
uniseriate suspensor composed of 6-9 cells 
is seen at the globular and heart-shaped 
stages of the embryo (Figs. 46, 63). 
The mature embryo is typically dicoty- 
ledonous ( Figs. 64-67 ) but the cotyledons 
are not always of the same size ( Fig. 
44). The cells of the embryo accumulate 
starch. 

SEED Coat — The integument is 15-20 
layered at the megaspore mother cell stage. 
The epidermal cells are smaller and are 
radially elongated. After fertilization, 
the integument increases greatly in bulk 
but its consumption by the endosperm 
starts simultaneously reducing it to about 
8-10 layers ( Figs. 50, 51). Eventually 
only the epidermis is left and its outer 
surface becomes cutinized (Fig. 53). 
All over the surface of the seed, groups of 
3-4 epidermal cells, situated at more or 
less regular intervals, become conspicuous- 
ly elongated. These groups form tubercles 
on the seed surface ( Figs. 52,53). The 
radial and tangential walls of these tuber- 
cular cells become thickened, the thicken- 
ing being more conspicuous along the 
tangential face. At the time of dispersal 
the mature seed is dark-brown in colour 
and is characterized by the presence of a 
notch at the funicular end caused by the 
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disjunction of the funiculus from the see; 
proper. 


Discussion 


The endosperm in the family Aca 
thaceae shows a mode of developme 
which is peculiar in the Tubiflorae. Th 
first two divisions result in a row of thre 
cells of which the central forms the end 
sperm proper while the micropylar and th 
chalazal cells develop into haustorial 01 
gans. Thunbergia is an exception in tha 
it lacks a chalazal haustorium (Mauritzot 
1934). | 

The chalazal haustorium is generall 
2-nucleate in Justicia although 1, 3 and| 
nuclei have also been noted. A binu 
cleate chalazal haustorium also occurs i 
Beloperone, Adhatoda, Schaueria, Jacobinte 
Eranthemum and Dicliptera ( Mauritzor 
1934) and in Barleria cristata and Pert: 
trophe bicalyculata (Mohan Ram, 1956 | 
A four-nucleate condition has been of 
served by Mauritzon in Ruellia, Blechun 
Asteracantha, Brillantaisia and Hem 
graphis. In Crossandra and Acanthus, th 
chalazal haustorium is 4-celled. Range 
swami (1941) reported the absence of 
chalazal haustorium in A steracantha long 
folia, but the observations of the senic 
author (unpublished ) do not support thi: 

The micropylar haustorium in Justicı 
has usually two nuclei, but the 1- an 
3-nucleate conditions are not rar 
Mauritzon (1934) reports the 2-nucleat 
condition to be typical although he foun 
a 4-nucleate haustorium in Dicliptera an 
one abnormal case with 10 nuclei in Bel 
perone. The micropylar haustorium 
usually active and well developed excep 
in Blechum, Jacobinia, Dipteracanthr 
( Maheshwari & Negi, 1955 ), Eranthemw 
and 5 species of Ruellia where it does nc 
reach out of the micropyle ( Mauritzor 
1934). In Asteracantha it becomes crushe 


Fics. 46-53 — (ba, basal apparatus; cc, cellular central chamber; ch, chalazal haustoriun 
e, embryo; end, endosperm; f, funiculus; 7, jaculator; mA, micropylar haustorium; rs, remnar 
layers of the seed coat; sh, secondary haustorial cells ; st, seed coat; ib, tubercle). Fig. 46. Cellule 
central chamber at the globular stage of the embryo with a 3-nucleate basal apparatus. x 27! 
Fig. 47. Funicular part of a young seed enlarged to show the jaculator and uninucleate micropyle 


haustorium ( diagrammatic ). x 125. Fig. 48. 
4-nucleate chalazal haustorium. x 275. 


SS PHS. 


in Ls. 


Uninucleate chalazal haustorium. x 275. 
= Fig. 50. Index figure for Fig. 51 ( diagrammatic ). 
Fig. 51. Part of the integument marked a enlarged from Fig. 50. x 275. 


Fig. 4 
xy 273 
Fig. 52. Mature see 


Fig. 53. A part of the seed coat enlarged to show the tubercles. x 275. 


Fics. 46-53. 
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Fics. 54-67 — Fig. 54. Two-celled proembryo, apical cell in prophase. x 550. Fig. 55. Two- 
x 550. Fig. 56. Filamentous proembryo with two 
x 550. Figs. 57-62. Stages in the development of proembryo. 
Fig. 63. Heart-shaped embryo with a 6-celled suspensor. x 278. Figs. 64-67. Stages in the develop- 

( Figs. 63-67 from dissected whole mounts). | 


celled proembryo, both nuclei in prophase. 
binucleate basal cells. 


ment of mature embryo. x 27'5. 


at an early stage while in Acanthus it is 
only weakly developed. In Ruellia deca- 
isniana, the micropylar haustorium pene- 
trates through the micropyle into the slit 
between the integument and the funiculus, 


Vera THe 
III 


x 550. 


finally entering the latter. According to 
Mauritzon (1934) the haustorium of 
Justicia simplex passes out through the 
micropyle and enters into the funiculus 
coming to lie against its vascular bundle. 


| 
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Our observations, however, show that the 
nuclei of the micropylar haustorium 
migrate into the embryo sac caecum 
which lies in the schizogenous cavity of 
the funiculus. In Ruellia decaisniana 
and Hemigraphis the haustorium is very 
active; it not only reaches the vascular 
supply but broadens and branches into it. 

The time of wall formation in the central 
chamber varies in the family from genus 
to genus. In Crossandra, Acanthus ( Mau- 
ritzon, 1934), Elytraria ( Johri & Singh, 
1956) and Barleria prionitis ( Phatak & 
Ambegaokar, 1956 ) the very first division 
in the central chamber is cellular. The 
basal apparatus is thus absent in these 
plants. In all other genera free nuclear 
divisions occur and the nuclei are mostly 
aggregated in the region of the embryo. 
The lower part of the central chamber is 
occupied by a large vacuole. In Evan- 
themum ( Mauritzon, 1934 ) wall formation 
is initiated after nearly 16 nuclei have been 
formed, and the central chamber becomes 
entirely cellular. In Ruellia ( Mauritzon, 
1934) and Dipteracanthus ( Maheshwari 
& Negi, 1955), on the other hand, wall 
formation starts only after about 256 


nuclei have been produced. The upper .- 


part of the central chamber becomes cellu- 
lar leaving a broad free nuclear endosperm 
on the lower side. The remaining genera 
of Acanthaceae form a transition from 
Eranthemum to Ruellia. Mauritzon ( 1934) 
states that in Justicia simplex, walls are 
laid down in the central chamber probably 
after 64 nuclei have been formed, proceed- 
ing downwards in the greatly narrowed 
part of the chamber. Growth in the 
lower open endosperm cells takes place by 
further nuclear divisions accompanied 
by wall formation, finally leaving a lower 
2-3 nucleate part as a rudimentary basal 
apparatus. Our observations, however, 
are at variance with those of Mauritzon 
(1934). Wall formation is initiated in 
the upper part of the central chamber 
after about a hundred nuclei have been 
formed and extends towards the basal 
apparatus. In the latter, wall formation 
is quite irregular resulting in the formation 
of uni- and multinucleate cells. Occurrence 
of more than one multinucleate cell in the 
basal apparatus has not been reported 
in any of the genera so far investigated. 
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Mauritzon states that in Justicia, the basal 
apparatus disintegrates as soon as wall 
formation reaches the lower end of the 
central chamber ( globular embryo stage ). 
He further adds that the causal relation- 
ship might be even the reverse with cell 
division, coming to a stop because of the 
degeneration of this lower part. We are 
unable to confirm any such relationship 
between the wall formation in the central 
chamber and the degeneration of the basal 
apparatus. The latter remains quite 
healthy up to the late heart-shaped stage 
of the embryo and its disorganization 
starts only after the cotyledons have well 
differentiated. 

Ruellia, Blechum, Asteracantha, Bril- 
lantaisia and Hemigraphis possess a very 
broad basal apparatus which almost sur- 
rounds the central chamber. The basal 
apparatus becomes partly cellular along 
the sides of the central chamber except 
perhaps in Asteracantha where it remains 
free nuclear ( Mauritzon, 1934). In Belo- 
perone the basal apparatus is in the form 
of a narrow tube and is sharply demarcat- 
ed from the central chamber by a distinct 
wall. In Dicliptera, Justicia and Adha- 
toda, the basal apparatus contains only a 
few nuclei and is rudimentary. In Schau- 
eria, Jacobinia, Eranthemum ( Mauritzon, 
1934) and Barleria (Mohan Ram, 1956), 
the basal apparatus is absent. 


Summary 


The anther wall comprises the usual 
layers: the epidermis, a fibrous endothe- 
cium, a middle layer and the tapetum. The 
tapetal cells are more elongated along the 
septum than in the remaining part of the 
anther. The reduction divisions are simul- 
taneous, cytokinesis occurs by furrowing, 
and the resulting microspore tetrads are 
decussate or tetrahedral, rarely isobilateral. 

The mature pollen grains are ovoid, 
2-celled and 2-porate. They contain 
abundant starch and the intine protrudes 
out of the germ pores. Small starch-free 
pollen grains also occur frequently. Often 
“tetrads’ with 5, 6 and 8 spores are 
noticed, and certain abnormal microspore : 
mother cells produce only dyads and 
triads. In still other cases compound 
pollen grains are formed. 
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The ovules are anatropous, unitegmic 
and tenuinucellate. The nucellus is 
completely absorbed at 2-nucleate stage 
of the embryo sac. The 15-20 layered 
integument is consumed by the endo- 
sperm, leaving only the epidermis in the 
mature seed. 

A single hypodermal archesporial cell 
functions directly as the megaspore mother 
cell. The chalazal megaspore of the tetrad 
develops into a normal 8-nucleate embryo 
sac. 

A schizogenous cavity has been seen 
at the base of the micropyle in the funi- 
cular region extending towards the 
vascular supply. The micropylar end 
of the embryo sac penetrates gradually 
into this cavity at the 4-nucleate stage. 
This has been called the embryo sac 
caecum. Some integumentary cells sur- 
rounding the schizogenous cavity develop 
spiral thickenings after fertilization. 

The endosperm is of the Cellular type. 
It consists of a 2-nucleate chalazal hausto- 
rium, a 2-nucleate micropylar haustorium 
and a central chamber consisting of an 
upper cellular part and a lower free nuclear 
basal apparatus. The latter also ulti- 
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mately becomes cellular. Degeneration || 
the basal apparatus starts only after til 
differentiation of the cotyledons. il 

The chalazal haustorium disintegrati| 
at the late globular or early heart-shap« 
stage of the embryo. The micropylar hau! 
torium persists even in the mature seed.) 

A filamentous proembryo is od 
by a series of transverse divisions. | 
6-8 celled suspensor is seen in the globulil 
and heart-shaped embryos. The matuil 
embryo is surrounded by a 2-layere 
endosperm except at the funicular en 
where a mass of cells remains togethi 
to form secondary haustorial cells. || 

The epidermis of the seed-coat, whiq) 
is the only remnant of the integument, } 
beset with tubercles all over its surface. 

The funiculus forms a hook-shapd 
structure — the ° Jaculator’, which aid 
in seed dispersal. | 
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THE SINKER OF PLATANTHERA AND PERULARIA — 
ITS MORPHOLOGY AND DEVELOPMENT 


M. KUMAZAWA 


Department of General Education, Nagoya University, Nagoya 


Since the classic works of Irmisch (1850), 
Germain de St.-Pierre (1855) and Fabre 
(1856), the morphology and anatomy of 
the sinker of the Ophrydinae has been 
studied by many authors ( see review by 
Troll, 1943). Ogura (1953) classified 
the sinkers of the Ophrydinae into five 
types on the basis of their external forms. 
His so-called “‘ tuberous type with stalk ”’ 
and the “‘stoloniferous type’’ are most 
interesting from the morphological and 
anatomical points of view; the sinker of 
the former type was described by me 
in detail in a previous paper ( Kumazawa, 
1956 ). 
the stoloniferous type has, however, not 
been examined by any worker. The 
present paper is concerned with a sinker 
of this type. 

The stoloniferous sinker is characterized 
as follows: it elongates nearly horizontally 
from the subterranean base of the erect 
stem, and being rather slender and covered 
with root hairs on its surface, it looks quite 
like an ordinary root. It is, however, 
distinguishable from a root by the fact 
that in its middle part it has a bud from 
which arises the aerial shoot of the next 
year. The part of the sinker from the 
base to the position of the bud was called 
the stalk by Ogura. He described a sinker 
of this type in the following Japanese 
species of the Ophrydinae: Platanthera 
florenti Fr. et Sav., P. japonica Lindl., 
P. hologlottis Maxim., Rerularia ussurien- 
sis Schlecht. and Orchis cyclochila Maxim. 


Materials and Methods 


In this study Platanthera florenti, P. 
japonica and Perularia ussuriensis were 
examined in detail. Considerable num- 
bers of the plants, particularly of Peru- 
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The development of a sinker of - 


laria, were obtained from their natural 
habitats in each season; some of them 
were cultivated, and the sinker develop- 
ment was traced successively. 

For histological observations serial 
microtome sections were cut at 10-15 u. 
and were stained with safranin-fast green 
and safranin-Delafield’s haematoxylin. 
The sinkers of the two species of Platan- 
thera resemble those of Perularia both in 
external features and histogenesis, except 
in some minor points. Therefore, the 
following description is chiefly concerned 
with Perularia. 


Structure of the Full-grown Sinker 


Gross MORPHOLOGY — Fig. 1 shows the 
subterranean parts of Perularia dug up 
insummer. An erect stem (s) is produced 
from the sinker (0b) of the previous year. 
This old sinker, from which the root hairs 
have been almost all shed, had been at- 
tached to the eréct stem of last year at the 
point a. From the base of the erect stem 
of this year, two sinkers (/f,b, f;b) are 
produced, each having a bud on its upper 
side. They are thus easily distinguished 
from adventitious roots (r). The sinkers, 
6-10 cm long and 3-5 mm wide, are usu- 
ally two in number. They arise from 
the axil of the scale leaf at the base of 
the erect stem and elongate in opposite 
directions. In some vigorous plants three 
sinkers are often observed, while the 
slender ones have only one. 

Each sinker has a small scale, a few mili- 
meters long, at its proximal end. A small 
area near the base of the bud has no root 
hairs and is often outlined by a brown 
membraneous ridge (Fig. 7/,), which 
is a decayed rudimentary leaf. The bud 
is composed of a number of scale leaves 
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(fs, fs, fs: --), two primordial foliar leaves, 
and the shoot apex which is to terminate 
in an inflorescence in the next summer. 
An incipient bud is already observed at the 
respective axillary part of the scale leaves 
(fe, fa Ja and ji) : 

HistoLtocy — The histological structure 
of the sinker has been described, to a cer- 
tain extent, by Ogura (1953). The most 
proximal part of the sinker is monostelic 
and shows several collateral bundles sur- 
rounded by a common endodermis (Fig. 2). 
Therefore this part is of a cauline nature 
except for the surface being covered with 
root hairs. At the part little further from 
the base of the sinker several small vas- 
cular traces arise from the central stele 
and run through the cortex almost paral- 
lel to the central stele (Fig..37¢). The 
central stele turns into the bud and in the 
distal part of the sinker the branch steles 
alone are left, arranged in a discontinuous 
circle. They often anastomose and be- 
come reduced in number at the distal end 
of the sinker. 

Ordinary roots are monostelic or distelic 
and the apical initials are covered by a 
small group of vacuolated cells, which is 
interpreted as a reduced type of root cap; 
a calyptrogen is not observed. Similar 
apical features are also found at the distal 
end of the sinker. A vascular pattern and 
behaviours, like that observed above, 
have also been described in the follow- 
ing: Platanthera japonica, P. tipuloides, 
P. minor, Orchis aristata, etc. (Ogura, 1953) ; 
Platanthera dilatata, etc. (Holm, 1904) and 
Platanthera orbiculata and P. clavellata 
( White, 1907). 
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Development of the Sinker 


| 
| 
The axillary buds subtended by ti} 
scale leaves (/,, /, and /,) are initiated ||| 
summer within the bud on the sin | 
in acropetal order. Fig. 8 shows an i| 
cipient axillary bud, consisting of the pl 
mordial leaves (f, and f,). Its shoot api 
is 45-75 u high and 90-120 u wide. TI} 
tunica is one-layered and the corpus shoy 
no conspicuous cytohistological zonation 
Procambial strands are differentiated || 
the leaf primordia and axis. | 

The subsequent growth of the bud pry 
ceeds very slowly during late autumn ai 
winter. In the middle of the winter tl} 
largest bud subtended by f, is 2:5 mm lor}, 
and the smallest one subtended by /; || 
0°6-0:7 mm in length. The buds forme 
on the same axis show a basipetal ord] 
in their size. Although, as a rule, t 
smallest bud does not grow into a sinkel 
the other two are destined to develop in | 
sinkers, presenting the characteristic ap} 
cal growth during spring and summd 
Fig. 4 shows a sinker primordium observe| 
in winter; /,is an inverted prophyll ar 
the shoot apex, enveloped by the Pry 
mordial scale /,, is situated in the ope} 
ing b. The sinker primordium beginnir 
to elongate in spring is shown in Fig. 
It has root hairs and seems quite similil 
to a root, but is distinguished from tk 
latter by the presence of a prophyll at i 
proximal part and a small opening at ti] 
distal part. In such a state, the apicil 
growth continues until early summe 
with the sinker reaching several cent} 
meters or more in length. After that poit 


Fies. 1-15— Figs. 1-12. 


Perularia ussuriensis. 


Figs. 13-15. Platanthera minor. (a, proxim 


end of old sinker; 6, opening on the primordial sinker apex or bud on the grown sinker; bc, centr! 
cylinder of cauline structure; c, root cap-like tissue; e, a sector of cauline nature; f,, first scale leg! 
or inverted prophyll of lateral shoot; fs, fs, fs, second, third and sixth leaves of lateral shoot; A, rhiz 
dermis or its incipient cell layer; ob, sinker of last year; 7, normal adventitious root; vc, sma 
stele of radical structure; s, erect stem of this year; s/, slit within the tissue; x, the position {| 
the first periclinal cell division or the region of root apical initials.) Fig. 1. Subterranean parts il 
summer showing the sinkers (f,b, f,b). x 1. Fig. 2. Diagram of t.s. through the most proxim 
part of the sinker. Fig. 3. Diagram of t.s. through the middle part of the stalk. Figs. 4-6. Sul 
cessive stages in the elongation of the sinker ; Fig. 6 shows only the distal part. Fig. 7. Bud d 
the sinker in summer. x 4. Figs. 8-12. Semidiagrammatic l.s. of sinker or its primordium showi 
successive stages of development; Fig. 12 shows only.the distal part. Fig. 13. Subterranean par} 
in summer showing the sinker (fb). x 0:7. Fig. 14. Magnified view of proximal part of sinke 


x 2. Fig. 15. Diagram of t.s. through the stalk. A sector of cauline nature (e) is indicated 
broken line. 


| 


Fics. 1-15. 
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of development, the very distal part alone 
shows the remarkable elongation (Fig. 6). 
This results in the dislocation of the open- 
ing far from the real apex of the sinker. 
Subsequently a bud enveloped by the 
scale leaf /,, makes its appearance as a pro- 
tuberance through the opening now fairly 
enlarged and developing further until the 
following season into a state as shown 
in Fig. 7. At this stage the scale leaf f, 
has decayed, being brown in colour. The 
subtended axillary bud primordium, once 
recognizable, is no longer detectable. 


Histogenesis of the Sinker 


The sinker primordium (Fig. 8), first 
initiated as an axillary bud, grows to 
about 0°7 mm in length during autumn, 
owing to the elongation of the hypopodium 
as shown in Fig. 9. Until this stage the 
sinker primordium has a cortex of about 
five cell layers and no morphological or 
histological peculiarities are seen. How- 
ever, the following events soon follow in 
succession: 

1. Periclinal cell divisions take place 
first in a localized region near the base 
( Figs. 9, 21; x) of the procambial leaf 
trace to f,, and then in wider regions 
of inner cortex all around the central 
procambial strand (Fig. 16). Thus 
the hypopodium is somewhat thickened 
( Figs. 10, 16). 

2. The periclinal divisions are soon 
replaced by anticlinal divisions in most 
regions and by random divisions in a 
localized region ( Figs. 17, 18; white arrow ) 
near the base of the procambial leaf trace 
to f,. The small cell group of random 
divisions is the apical initial region of an 
adventitious root. 

3. Near the outer boundary of the tissue 
( Figs. 10, 16; c) produced by periclinal 
divisions there appears a schizogenous 
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| 
| 
slit ( Figs. 10, 16; s7) which is most evid | 
in Figs. 17-19. | 
4. A layer of uniseriate cells repeati 
the anticlinal divisions (Figs. 10, 18, 19; 
becomes differentiated within the int] 
tissue. The layer consists of flatte 


i 
cells rich in plasma and is referred to) 
protoderm of root, i. the incipiel 
rhizodermis, for later root hairs original) 
from it. 

At this stage, the sinker primordiuk 
does not show much elongating growt|h 
being surrounded almost completely |} 
the prophyll fj- However, as soon jf) 
winter is over, conspicuous apical gro 
takes place, owing to the activity of t} 
rib meristem which becomes differentia 
within the axial part enclosed by the il 
cipient rhizodermis beneath the primord} 
sinker apex. This results in the core oft! 
hypopodium together with the shoot ap} 
enclosed by f, being drawn out from t} 
prophyll f, and the peripheral tissue || 
the bud becoming separated by splittiif 
(Fig. 11). The acropetal destruction 
the outermost tissue thus exposed ( Fi 
11c) also exposes the rhizodermis whi 
produces the root hairs. As a consequenq 
the apex of the young sinker has t 
appearance of a root, through whose c 
an adventitious bud may make an a 
pearance. As mentioned above, this ro! 
cap-like portion is mainly derived fro} 
the tissue which is produced by the pe | 
clinal divisions of the inner cortex in | 
very early stage of the development of t 
sinker, proceeding to the establishme} 
of a localized initial cell group of a roa} 
In this respect it is a sort of root cäl 
although not typical. I} 

After the mesopodium begins to elojl 
gate, several procambial strands are givéll 
off from some parts of the central ste] 
and a few of them from the part of til 
central stele beneath the initials of ti} 


Fics. 16-19 — Perularia ussuriensis, 1.s. of sinker primordia. 
periclinal divisions of the inner cortical cells (in Fig. 16) or root cap-like tissue (in Figs. 17-194] 
f,, first leaf on the sinker; f,, second leaf; A, incipient rhizodermis; sb, subtending leaf of ty 
sinker primordium; sl, slits; white arrow, apical initial region of an adventitious root.) | 
Early stage showing periclinal cell divisions around the central 
Later stage; the core consists of anticlinally seriate cells. 
showing differentiation of incipient rhizodermis; only a part of the apex is shown. x 100. 
19. Same stage as in Fig. 18, showing entire sinker primordium. x 30. 


(c, the tissue produced by tf 


Fig. 
procambium. x 100. Fig. 
x 100. Fig. 18. More advanced sta 


3 A 
2 


a: 


Fics, 16-19. 
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root apex (Fig. 11). All of them are dif- 
ferentiated acropetally towards the root 
initial region. 

Fig. 20 shows the histological structure 
of the distal part of the sinker now actively 
elongating by means of a rib meristem, 
beneath the apex of the sinker. The root 
apex initials ( Fig. 18, white arrow; Fig. 
20, x ) are polygonal and do not seem to 
cut off any elements towards the root cap. 
By this pattern of elongating growth, the 
long stalk of the sinker is formed until 
late spring, at which time the zone of rib 
meristem is dislocated beneath the root 
apical initials as shown in Figs. 22-25, 
so that the elongation of the stalk comes 
to a stop. After this the elongation of 
the very distal part of the sinker takes 
place in the same direction as the stalk. 
As a result the bud is now displaced away 
from the sinker apex and has the appear- 
ance of a lateral organ ( Fig. 25). 


Discussion 


The sinker of the species studied here 
looks like a horizontal absorbing root with 
an adventitious bud, just as in Pogonia 
studied by Holm (1900) and Carlson 
(1938). Ontogenetical observations, how- 
ever, show that it is initiated as a lateral 
bud subtended by the scale leaf at the 
base of the erect stem, and its develop- 
ment is accompanied by an adventitious 
root originating very early from it. 

Stojanow { 1917), Fuchs & Ziegenspeck 
(1925 ), Burgeff (1932) and others have 
described the exogenous origin of roots in 
some species of the Ophrydinae and allies. 
In the primordial sinker under considera- 
tion, the periclinal divisions suggesting 
root initiation are initiated within the 
inner cortex near the apex of the primor- 
dial sinker, so that the root is of endo- 
genous origin (or of mesogenous origin, 
according to Guttenberg’s terminology — 
Guttenberg, 1940). The so-called coleor- 
hiza of Sharman (1939), ie. the peri- 
pheral tissue of the lateral shoot including 
epidermis, is peeled off early and the outer- 
most layer of the stalk is represented by 
a rhizodermis of secondary origin. Thus 
the stalk is covered with root hairs. 

In his anatomical studies of Habenaria 
( Platanthera ) and Orchis, White ( 1907 ) 
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correctly stated that the sinker consists ol 
rhizome and root, but he said that thij 
rhizome terminates in a dormant but 
(which is interpreted by the present 
author as a lateral bud subtended by fa 
and that the dominant bud, which is ex 
pected to produce an erect stem next year | 
is a lateral organ of the sinker. His mis! 
understanding is due to the lack of detailed] 
ontogenetical observations. | 
The most remarkable features of th} 
sinker are seen in the stalk and are sum] 
marized below: | 
1. The stalk is covered with a rhizo 
dermis of secondary origin, the epidermij 
being lost; externally it is, therefore, no 
distinguished from the root. / 
2. At the base of the stalk the centra 
cylinder is monostelic and cauline, whereai} 
in the less proximal parts of the stall} 
several small steles of radical nature arq 
cut off from the central cylinder and ruy 
parallel to it through the cortex (excep4 
in Platanthera forenti ye | 
A similar vascular pattern has beet 
described in the sinkers of some species o: 
Platanthera and allied genera by Hol 
( 1904 ), White ( 1907 ) and Ogura ( 1953) 
The long stalk of the sinker has been inter 
preted as a fused product of stem and roo} 
by Holm; and by Ogura as a special orga: 
i.e. a combined system of the central cau 
line axis and peripheral root traces. Thess 
interpretations originated chiefly from ths 
anatomical observations of the full-growi 
sinker, but not from ontogenetical oj 
histogenetical studies, and the develop; 
mental processes of these peculiar feature} 
have hitherto never been examined i 
detail. | 
As shown in the foregoing paragraph 
the stalk of the present plant is derivec 
ontogenetically mainly from the meso 
podium of the lateral shoot, on which a 
adventitious root is initiated. The apica 
initial regions of both the shoot and thé 
root are so closely situated side by sid 
at the apex of the primordial sinker tha} 
they have a common zone of rib meristen 
instead of having a separate one beneatl 
each initial region. The elongation by 
means of a rib meristem of this patter 
continues for a relatively long time. Thus: 
in the stalk, the peripheral part is derived 
from root initial cells, and the central core 
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Fries. 20-28 — Figs. 20, 21. Perularia ussuriensis. Fig. 20. Sinker apex actively elongating by 
ieans of rib meristem. x 50. Fig. 21. Sinker primordium showing periclinal divisions of cortical 
ells. The place of root initiation is indicated by a cross. x 70. Figs. 22-25. Diagrams showing 
1e zone of rib meristem (7m) in successive stages of sinker development. Fig. 26. Diagram of 
nker apex showing the tissues derived from shoot and root initial regions. Figs. 27-28. Diagrams 
1owing the patterns of adventitious root development. A circle and a cross indicate the apical 
itial regions of the shoot and root respectively. Other abbreviations as in the foregoing figures. 
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from shoot initial cells as shown diagram- 
matically in Fig. 26. The dislocation of 
the zone of rib meristem towards the part 
beneath the group of root initial cells 
results in the suspension of stalk elonga- 
tion and also in the formation of the distal 
radical part of the sinker. 

These processes are shown diagram- 
matically in Fig. 28. A circle and a cross 
in the figure indicate the apical initial 
regions of a shoot and an adventitious root 
respectively, and the derivative tissues, 
cauline or radical in structure, are indi- 
cated respectively by broken or solid line. 
The parallel paıt of the two kinds of lines 
indicates the stalk, which is a combined 
product of the two kinds of initial cells. 

In ordinary adventitious roots, the rib 
meristem is organized beneath the root 
initial region so soon after root inception 
that the root elongates independently 
from the mother axis, presenting its own 
organization (Fig. 27). In this case, 
of course, a stalk-like part is not formed. 
The histogenesis of the sinker above men- 
tioned may show that root inception and 
real root development are induced by 
different morphogenetic agents ( see Went 
& Thimann, 1937 ). 

Following Wardlaw (1944) and Ball 
( 1946 ) some authors have expressed the 
opinion that the apical meristem is a self 
determining region, and some evidence 
has been adduced in support of the theory 
that the differentiation of tissues or the 
inception of vascular tissue is determined 
by the apical meristem. If these inter- 
pretations are accepted, it is reasonable 
to assume that steles of radical pattern 
may be differentiated in the cortical tissue 
of the stalk in Perularia and some species 
of Platanthera simply because the cortical 
tissue itself is derived from root initial 
cells. As the central core of the stalk 
comprises derivatives of the shoot initial 
cells, any agent which originates in the 
root apical meristem and organizes the 
radical steles may be concentrated at 
several points in the cylindrical tissue 
surrounding the core. This gives rise 
to the polystelic structure in the cortex 
of the stalk. Therefore, the view of some 
authors that the polystely is caused by the 
fusion of some roots cannot be accepted 
at least in the case of the stalk. The 
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peculiar structure of the stalk is res] 
ponsible for the special pattern of rod|) 
inception and apical growth of the sinket]) 
and I, therefore, consider the stalk to bi 
a periclinal organc-chimera of a shoot ani 
a root. IN 

Although the sinker of Platanthera mina 
Reichb. (Fig. 13 fb), treated as of thy 
fusiform type by Ogura ( 1953 ), is rathaf 
vertical and the stalk is about 1 cm long 
it is rather similar to that of the special 
mentioned above both from the morphaj 
logical and the histogenetical point al 
view except in some minor points. Ii) 
many cases, however, an adaxial sectaf 
of the stalk ( Figs. 14, 15; e) is typicallik 
cauline with an epidermis on its surface 


in the cortex. This is due to the fac} 
that the root apex initials do not produc}, 
any derivatives towards the adaxial sidet 
contrary to the condition in Perularia and 
two species of Platanthera described abov: 
Then the stalk may be called a sectoriaf 
chimera of a shoot and a root. The ad 
ventitious root of Cheirostylis Philippal 
nensis, described by Burgeff ( 1932) 
may be also referred to a similar sectoriäl} 
organo-chimera. | 

In the sinker of Pecterlis radiata Rafın!l 
studied by me ( 1956), the main part of 
the very long stalk is represented by thi} 
hypopodium of the lateral shoot and is af 
cauline structure. The peculiar structuril 
interpreted as a periclinal chimera of i 
shoot and a root is found only in a sho 
region called the neck by the prese 
author. This is due to the fact that th 
adventitious root initiation takes plac 
from a part of the sinker apex after th 
elongation of the hypopodium is great} 
advanced. 


Summary 


The sinker of some species of Platan| 
thera and Perularia is stoloniferous and 
externally similar to a root, although it i 
distinguishable from the latter by the fac 
that in its middle part lies a bud which ij 
destined to give rise to the aerial shoo 
of the next year. | 

Conspicuous anatomical peculiaritiell 
are found in the stalk, i.e. in the portioi 
of the sinker between the proximal 1] 


| 
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and the place of origin of the bud: the core 
of the stalk has a central cylinder of 
cauline nature, while the cortex has a 
number of radical steles. 

The development of such a sinker was 
studied in detail particularly in the case 
of Perularia ussuriensis. 

Ontogenetical observations show that 
the sinker is initiated as a lateral bud sub- 
tended by a scale leaf at the base of the 
erect stem, and the mesopodium is elon- 
gated, being accompanied by an adventi- 
tious root originating mesogenously from 
it ata very early stage. The apical initial 
regions of both the shoot and the root are 
so closely situated side by side at the apex 
of the primordial sinker that they are 
followed by a common zone of rib meri- 
stem, instead of an individual zone be- 
neath each initial region. The apical 
growth of such a pattern, by means of the 
rib meristem, continues for a rather long 
time resulting in the formation of the 
stalk. Subsequently the dislocation of 
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the zone of rib meristem towards the 
part beneath the group of root initial 
cells results in the suspension of stalk 
elongation and also the formation of 
the distal radical part of the full-grown 
sinker, 

Histogenetically speaking, the central 
core of the stalk is occupied by the deri- 
vatives of shoot apex initials, and the 
cortical part by the root apex initials. 
This results in the occurence of the pecu- 
liar stalk structure. In other words, the 
formation of the peculiar structure is 
responsible for the special pattern of root 
inception and apical growth of the pri- 
mordial sinker, and the stalk may be 
referred to a periclinal organo-chimera 
of a shoot and a root. 

In the sinker of Platanthera minor, the 
stalk often shows the structure referred to 
as the sectorial organo-chimera. 

Some morphogenetical problems have 
been briefly discussed in connection with 
the stalk formation. 
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FAMILY LORANTHACEAE — II. LYSIANA EXOCARPI 
(BEHR.) VAN TIEGHEM 


R, NARAYANA 
Department of Botany, Central College, Bangalore, India 


The relevant literature on the family 
Loranthaceae has already been reviewed 
by Johri, Agrawal & Garg (1957) in the 
first paper of this series and the same 
ground need not be covered again. 

The genus Lysiana embraces seven 
species (L. bankisiana, L. casuarinae, 
L. exocarpi, L. linearifolia, L. minata, 
L. murrayi and L. vittata) which are con- 
fined to Australia and New Hebrides. 
L. exocarpi is known from Queensland, 
South Australia and Victoria. Prelimi- 
nary observations on L. exocarpi ( Behr.) 
Van Tiegh. ( = Loranthus exocarpi Behr., 
L. subfalcatus Hook., Lysiana exocarpi 
Van Tiegh. and Elytranthe exocarpi Engl.) 
were reported earlier ( Narayana, 1954). 
A more detailed account is presented in 
this paper. 

Material of Lysiana exocarpı!, preserved 
in FAA, was obtained from Black Wood 
and Houghton (South Australia) and 
Cooper Pedy ( Central Australia ) through 
the courtesy of Mrs E. L. Robertson, 
Waite Agriculture Institute, Adelaide, 
and Dr C. M. Eardley of the Adelaide 
University. 

For quick observations on the extent of 
growth of the embryo sacs, the styles were 
examined after splitting them longitudi- 
nally and treating them with lactophenol. 
With this method the upper ends of em- 
bryo sacs with egg apparatuses or biseriate 
proembryos could be seen quite clearly. 
Dissections of fruits were made to follow 
the vascular supply and the structure 
of the mature endosperm and embryo. 
Acetocarmine smears were made of pollen 
mother cells and pollen grains. 


ie The hosts are Acacia dodonaefolia, Acacia 
obliqua, Acacia tetragonophylla and Eucalyptus 
leucoxylon. 
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safranin and fast green. 
bination gave better results. 


Observations 


1-3) and measure 5 to 5-5 cm in lengt 
They are usually hexamerous and con) 
form to the formula P(6) 46 “(4). Th 
calyculus forms a short tube around th 
base of the perianth and persists like : 
ring in the fruit. Below the ovary there 1] 


the reduced beactecles The perianth i} 
gibbous in the middle and after a co 
striction tapers towards the tip. It 
upper part opens due to the loosening oj 
the interlocking cells ( Fig. 10) and th 
lobes become reflexed ( Fig. 2). | 
The epiphyllous stamens are situated 
opposite to the perianth lobes. Some} 
times the anther branches (Fig. 5) and 
while the lower unbranched portior 
showed four dehisced locules, each brancl 
in the upper portion showed the same 
number of dehisced locules ( Fig. 7). Th 
filament here is supplied with two vascula 
bundles which continue into the anthej 
( Figs. 6-9). This suggests that the ap} 
parent exhibition of dichotomy is reall 
due to the fusion of the primordia of twdl 
stamens. The fusion extends throughou 
the length of the filament and the loweil 
half of the anther, leaving the upper 
half free. | 
The inferior ovary is quadriloculai| 
( Figs. 21, 53, 107). Ovules as such, ard 
absent. However, the central tissue ma 4 
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Fics. 1-10 — Floral morphology (al, anther 


locule; ca, calyculus; p, perianth). Fig. 1. Old 
Bad. x 1-1. Fig. 2. Open flower. x 1-1. Fig. 3. 
Gynoecium. x 1-1. Fig. 4. Fruit. x 1:1. Fig. 5. 


“ Branched ’’ anther. x 3. Figs. 6-9. T.s. anther 
at levels indicated in Fig.5. x 21. Fig. 10. Ad- 
jacent portions of perianth lobes (t.s.) showing 
the interlocking arrangement of epidermal cells 
(shaded). x 211. 


be interpreted as the placenta and each 
lobe may be said to correspond to a 
reduced ovule in a carpel. The fleshy 
bent style, 40-45 mm in length, has a 
swollen base and terminates in a capitate 
stigma ( Fig. 3). 

The fruit is an oblong pseudo-berry 
with a single green embryo embedded in a 
massive 5 to 6-grooved endosperm ( Figs. 
4, 96). A seed coat is absent and the 
endosperm is directly surrounded by the 
pericarp. : 

ORGANOGENY — The floral primordium 
appears as a small protuberance in the 
axil of the bract. The floral parts arise in 
acropetal succession: calyculus, perianth, 
stamens and gynoecium (Figs. 11-16). 
The calyculus differentiates as a small rim 
below the ovary, while the perianth lobes 
arise above it (Fig. 11). The staminal 
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primordia arise at about the same level 
as the perianth (Fig. 12). With the elon- 
gation of the stamens there appears the 
primordium of the gynoecium ( Fig. 12). 
At this time the ovarian cavity is at the 
same level as the perianth ( Figs. 12, 13). 
With further growth, the gynoecium be- 
comes inferior in relation to the other 
floral organs, viz. the androecium, peri- 
anth and calyculus. 

To start with, there isa wide stylar canal 
and a broad, flat ovarian cavity ( Fig. 13 ). 
As the bud develops, the stylar canal is 
very much reduced in the lower part ( Fig. 
15), and, in buds of 15 mm length and 
over, the lower half of the style appears 
without a canal (Figs. 60, 64a, 67, 74). 
In the ovarian cavity there appears a 
conical projection, the mamelon ( Figs. 
14-16, 49), whose upper end later 
becomes indistinguishable from the sur- 
rounding tissues of the ovary. 

The anthers are at first quite free. 
At the time when the microspore mother 
cells become detached from the tapetum, 
the anthers begin to come closer and 
during meiosis they are completely con- 
nate. They again separate when the 
pollen is mature and the anthers are about 
to dehisce. 

VASCULAR ANATOMY OF THE FLOWER— . 
The vascular anatomy was studied from 
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Fiss. 11-16 — Organogeny (an, androecium; b, 
bract; ca, calyculus; g, gynoecium; m, mame- 
lon; oc, ovarian cavity; p, perianth; sc, stylar 
canal). Figs. 11-16. Some stages in the deve- 
lopment of floral organs. x 13. 


Fics. 17-26 — Vascular anatomy (ar, annular rim ; 


sc, stylar canal ). 
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br, bract ; ca, calyculus ; m, mamelon|| 


Fig. 17. L.s. young bud ( megaspore mother cell stage) showing vascular sup] 


ply. x 7. Figs. 18-26. Transverse sections of young bud (of about the same age as shown ill 


Fig. 17) at levels indicated in Fig. 17. x 17. 


buds of 25 mm length and above. Fig. 17 
indicates the approximate levels at which 
the transverse sections (Figs. 18-26) 
have been drawn. 

The stele of the pedicel first gives out 
3 vascular traces to the bract which sub- 
divide into several bundles ( Figs. 18, 19). 
The annular rim below the ovary has no 
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vascular supply. After supplying th¢ 
bract, the vascular bundles in the stel¢ 
divide further and the gaps caused by th¢ 
bract traces are closed. Just below thé 
level of the ovary, the stele shows si 
bundles ( Fig. 18) which divide higher ufl 
and move towards the periphery. At the 
level marked 20 in Fig. 17, all the traces! 


| 
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derived from the original six bundles 
arrange themselves in two rings alter- 
nating with each other (Fig. 20). At the 
base of the mamelon the outer ring once 
again organizes into two rings, each with 
six bundles. Thus, there are three rings 
in all ( Fig. 21 ) —the bundles of the outer 
and the middle rings being on the same 
radii and those of the inner alternating 
with them. 

Of the six bundles of the inner ring, 
destined to enter the style, those marked 
2 and 3, and 5 and 6 fuse at about the 
middle level of the mamelon (Fig. 21). 
The four bundles so formed continue into 
the style and enter the stigma where they 
subdivide into many traces. 

The traces of each group of the outer 
and of the middle ring organize into well 
defined endarch bundles ( Fig. 22). The 
peripheral bundles enter the perianth 
and the middle ones pass into the adnate 
filaments ( Figs. 23, 24). The bundles 
in the perianth lobes further divide into 
3-5 traces ( Figs. 25, 26), but the staminal 
bundles continue undivided into the 
connective (Figs. 25, 26). The caly- 
culus does not receive any vascular 
supply. 

In the pentamerous flowers the vascular 
supply is naturally based upon a penta- 
merous instead of a hexamerous plan. 
In some ovaries the outer and the middle 
rings showed seven bundles in the region 
of mamelon. However, later two bundles 
of each ring fused before supplying the 
perianth and the androecium. 

MICROSPOROGENESIS AND MALE 
GAMETOPHYTE — The anther consists of 
four elongated microsporangia ( Fig. 27 ) 
of which the two ventral ones are slightly 
longer than the dorsal. All the sporangia 
dehisce separately by longitudinal slits 
(Fig. 33). 

A hypodermal archesporiuni differen- 
tiates in each lobe of the young anther. 
The outermost layer of archesporial cells 
divides periclinally cutting off tne primary 
parietal layer. The latter again divides 
periclinally giving rise to an outer and an 
inner layer. The outer layer constitutes 
the endothecium while the inner divides 
to form the middle layer and the tapetum 
(Fig. 28). Thus, the wall of the mi- 
crosporangium comprises the epidermis, 
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endothecium, middle layer and tapetum 
( Figs. 28-30). 

In the mature anther, the tangential 
walls of the epidermis become greatly 
flattened. The epidermis does not dis- 
organize early but persists till after the 
dehiscence of the anther. The cells of the 
endothecium enlarge and show fibrous 
thickenings which are quite pronounced 
except at the corners of the anther ( Figs. 
33, 34). The middle layer is ephemeral. 
The tapetal cells become vacuolated and 
loosened from the surrounding middle 
layer ( Fig. 31). When the pollen mother 
cells are still in the resting stage, most of 
the tapetal cells are already binucleate. 
At places, the tapetum may become 2- 
layered ( Figs. 29, 30, 32). As the tape- 
tum is used up, minute drop-like globules 
appear in the cytoplasm as well as on its 
inner surface and become conspicuous 
during the maturation of the pollen grains 
(Fig. 32). These globules are later seen 
appressed to the inner wall of the endo- 
thecium (Fig. 34) and take a dull red 
stain with safranin and fast green. Their 
exact nature and function is not clear. 
Presumably they contribute to the forma- 
tion of the exine, as the latter also shows 
a similar staining reaction (see Mahesh- 
wari, 1950). 

The sporogenous cells in each lobe of the 
anther ( Figs. 28, 29) divide to give rise 
to a large number of pollen mother cells 
(Fig. 30). The latter acquire a poly- 
gonal shape and are distinguished from 
the tapetal cells by their densely staining 
cytoplasm and larger nuclei. After some 
time a mucilaginous substance is secret- 
ed between the cytoplasm and the 
wall of the pollen mother cells ( Figs. 
35-43 ). 

Lagging chromosomes were sometimes 
noticed during Meiosis I ( Fig. 38). The 
tetranucleate mother cell is quadriparti- 
tioned by centripetal equatorial furrows 
followed by wedges of the mucilaginous 
wall which meet in the centre ( Fig. 40). 
The microspore tetrads are usually tetra- 
hedral ( Fig. 41 ) but sometimes decussate 
( Fig. 42). The microspores develop their 
own walls and the mucilaginous layer 
begins to disappear. The original mother 
wall breaks down and the microspores 
are liberated. 
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Fics. 27-48 — Microsporogenesis and male gametophyte (m/, middle layer ; mu, last 


tapetum). Fig. 27. Young anther (t.s.) showing four microsporangia. X 67. Fig. 28. Pal 
of anther lobe showing sporogenous cells and origin of tapetum. x 271. Figs. 29-31. Same, lat 


stages. x 271. Fig. 32. Portion of anther wall with tapetum and pollen grains. x 271. Fig. 38 


T.s. dehisced anther. x 43. Fig. 34. Enlargement of portion marked in Bigs Seely le Fig. 3 
Microspore mother cell. x 670. Figs. 36-39. Meiosis I, note lagging chromosomes in Fig.\ 3} 
x 670. Fig. 40. Cytokinesis by furrowing. x 670° Figs. 41-43. Tetrahedral and decussat| 
tetrads, X 670.) Bigs..°44) 145, | Polyspory, 2 670, Bie) ADR ed microspore. x 676 


Figs. 47, 48. Binucleate pollen grains. x 670. 
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Fics. 49-59 — Mamelon, megasporogenesis and female 
ube ; m, mamelon ; oc, ovarian cavity ; ¢, tetrad of megasp 
namelon. x 19. Fig. 50. Enlarged portion of mamelon fro 
vary through lower region of ing four 
igher level to show the free tip. x 162. Fig. 53. T.s. young ovary a e tim 
f archesporium. x 7. Fig..54. Enlarged view of region rke 

5 L : OE 

e ig. 55, megaspore mother cells are s 

fegaspore tetrad (£). x 284. Fig. 58. Two-nucleate embryo sac. 
84. 


gametophyte (c, collenchymatous 
ores). Fig. 49. L.s. bud showing 
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A number of “ tetrads ’’ showed 5 or 6 
microspores instead of the usual four 
Figs. 44, 45). This might be due to the 
agging chromosomes becoming organized 
nto microspores or due to a supernume- 
ary division in one or more of the four 
juclei. The former explanation seems 
© be more reasonable, for the chromo- 
omal bridges are not infrequent during 
he anaphase of Meiosis I ( Fig. 38). 

The microspores are 3-armed and all the 
hree arms bend on the ventral surface’. 
\t the same time each arm of any single 
microspore touches one arm of another 
microspore (Fig. 43). Some of the 
microspores are 4-armed ( Fig. 46) and a 
imilar condition has also been reported 
n Heltcanthes elastica ( Johri, Agrawal & 
sarg, 1957). 

The wall of the microspore differentiates 
nto the usual exine and intine ( Fig. 48 ). 
Zach arm has two longitudinal grooves, 
me on each surface running from the tip 
© the centre where they meet the grooves 
jf the other arms. During the further 
rowth of the pollen grain, the basal part 
f the arms becomes broader (Fig. 48) 
md the concavo-convexity becomes less 
md less pronounced. 

The microspore nucleus divides to give 
ise to a larger vegetative and a smaller 
jenerative nucleus ( Fig. 48). The latter 
las a sheath of cytoplasm around it and 
s situated in one of the arms ( Figs. 47, 
8). The pollen grains are liberated 
vhile the bud is still closed. 

A few sterile pollen grains are found 
nixed with a much larger number of 
ertile ones. Degeneration of the micro- 
pore mother cells is not uncommon and 


2. The term ‘‘ ventral’’ surface is used in the 
snse that the surface of the microspore towards 
he mother wall is the outer or dorsal and the 
urface towards the centre of the cavity is the 
‘ner or ventral. 
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sometimes a whole pollen sac may show 
complete disorganization. 

MAMELON — Longitudinal sections of 
young buds show a small mound-shaped 
projection, the mamelon, arising from the 
base of the ovarian cavity ( Figs. 49, 50). 
Its outer cells are densely cytoplasmic and 
contain prominent nuclei while the central 
cells are somewhat vacuolated. In trans- 
verse sections, the ovary is 4-chambered, 
each chamber containing a lobe of the 
mamelon ( Figs. 51-53, 107). 

The lower half of the stylar canal shows 
four ridges which are continuous with the 
four transverse partitions of the ovarian 
cavity. As the mamelon enlarges, it 
reaches up to the roof of the ovarian 
cavity. In older buds ( megaspore mother 
cell stage ), the canal becomes obliterated 
in the lower portion of the style which 
shows a compact tissue whose central cells 
are more elongated than those towards 
the periphery. The latter store abundant 
starch grains and it is in this region that 
the embryo sacs extend afterwards. 
During further growth, the mamelon seems 
to fuse with the lower part of the compact 
tissue and becomes continuous with the 
style ( Figs. 55, 56). 

MEGASPOROGENESIS — In each lobe of 
the young mamelon, 3-4 layers of hypo- 
dermal cells develop archesporial charac- 
ters ( Figs. 53-56). The sporogenous cells 
function directly as megaspore mother 
cells. They elongate diagonally and 
appear spindle-shaped ( Figs. 56, 57, 108 ). 
Usually two layers of megaspore mother 
cells elongate much more than the rest. 
Some of the mother cells become arrested 
in growth and degenerate. At this stage, 
the epidermis of each lobe comes to lie 
very close to the inner wall of the ovary. 

The megaspore mother cells undergo 
the usual meiotic divisions. The second 
meiotic division occurs simultaneously in 


— 
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Fics. 60-66 — Embryo sac (ant, antipodals ; c, collenchymatous tube ; cae, caecum ; e, em- 


ryo sac ; eg, egg ; lp, lower polar nucleus ; 


eus ). 


s, synergid ; sc, stylar canal ; wp, upper polar nu- 
Fig. 60. L.s. ovary and a part of style to show the elongation of embryo sacs into the style 


diagrammatic). x 10. Fig. 61. Enlarged view of upper part of embryo sac e! from Fig. 60. 
373. Fig. 62. L.s. ovary showing lower ends of embryo sacs at about the same stages as in 
ig. 60 (diagrammatic). x 14:5. Fig. 63. Lower part of embryo sac marked e! in Fig. 62. x 373. 
igs. 64a, b. L.s. gynoecium showing the extent of embryo sacs (diagrammatic). x 10. Fig. 65. 
nlarged upper end of embryo sac marked e? in Fig. 64a. x 373. Fig. 66. Lower end of embryo 
ic marked e? in Fig. 62 to show the antipodal cells and the caecum. x 373. 


Fics. 67-73 — Embryo sac contd. (ec, collenchymatous tube 
sac ; lp, lower polar nucleus ; pt, pollen tube ; wp upper polar nucleus ). 


for Figs. 68, 69 and 72. x 8. Figs. 68a, b. Upper portion of embryo sac 
288. Fig. 69. Upper end of embryo sac e? in Fig. 67. Note the two polar 
70. Same, the lower polar is bigger than the upper. x 288. 
fusion nucleus. x 288. F 


far below the fertilized egg. x 288. 


f=) 
are embedded in a dense cytoplasmic sheath. x 288. 


s together. x 288. 


; cs, cytoplasmic sheath ; e, emb 
Fig. 67. Outline diagı] 
marked e1 in Fig. 67) 


1 
A Fig. 71. Tip of embryo sac sho ¥| 
igs. 72a, b. Embryo sac marked et (Fig. 67) showing the polar nul 


Fig. 73. Embryo sac showing the zygote, the polar nu 
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oth the dyad cells producing a linear 
trad of megaspores ( Figs. 57-59). The 
wo terminal megaspores of a tetrad are 
sually somewhat longer than the two 
iddle ones. 

‘During dyad and tetrad formation, the 
alls below the mamelon extending down 
) the base of the ovary become conspi- 
ous due to the accumulation of starch. 
he central cells are rectangular, meriste- 
latic and arranged in vertical rows, 
hereas the peripheral cells become thick- 
alled and constitute the collenchyma- 
gas tube (Fig. 55). 

EMBRYO Sac — The megaspores belong- 
ig to tetrads situated in the upper part 
{ the mamelon are the first to develop. 
ISually the basal megaspore of a tetrad 
inctions but sometimes the two middle 
nes may also begin to grow. 

Two- and four-nucleate embryo sacs are 
med in the usual way (Figs. 58, 59, 
09, 110). The four-nucleate embryo 
acs elongate considerably crushing and 
estroying the adjacent cells. At this 
tage one end of the embryo sac grows 
wore rapidly than the other. In buds, 
0 mm in length, the upper end of the 
mbryo sac had reached about one-third 
he length of the style while the lower end 
ad just pierced the starch-filled cells of 
he collenchymatous tube (Fig. 60). 
he tips of the embryo sacs extend into 
he starchy tissue close to the vascular 
undles of the style. Due to the tortuous 
ourse of the embryo sacs, which are about 
5 mm long, it is virtually impossible to 
Face any particular sac from base to apex. 
very attempt was, however, made to 
race the nuclei belonging to the two ends 
‘om serial sections. 

Fig. 63 shows four free nuclei in the 
wer part of an embryo sac and Fig. 66 
n0ws the three antipodal cells. The 
wer polar nucleus was observed at 
arious levels in the different embryo sacs, 
1 the style ( Figs. 64a, 67, 68a). As the 
ssult of a study of several embryo sacs, 
» appears likely that as in Macrosolen 
Maheshwari & Singh, 1952 ), after further 
ongation of the four-nucleate embryo 
ic, the two nuclei in the lower region 
ivide into four and organize into three 
ntipodal cells and a lower polar nuc- 
us, while the upper two nuclei remain 
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undivided for some time. This results in 
a temporary 6-nucleate condition. The 
upper end of the embryo sac continues to 
grow leaving the two nuclei a short dis- 
tance behind the tip (Figs. 61, 111). 
When it has reached a considerable height 
in the style, they divide and the daughter 
nuclei organize into an egg apparatus and 
the upper polar nucleus ( Figs. 65, 112, 
113). The lower end of the embryo sac 
forms a caecum and penetrates the under- 
lying tissues leaving behind the ephemeral 
antipodals in situ ( Figs. 62-64a, 66 ). 

The synergids are conspicuously beaked 
and show a prominent filiform apparatus 
( Figs. 65, 68b, 72b, 73). They are gorged 
with starch grains which are consumed 
soon after fertilization. It was noticed 
that in some embryo sacs the nucleus of a 
synergid was quite healthy even at the 
8-celled stage of the proembryo ( Figs. 
AO RH) 

The lower swollen part of the egg con- 
tains a prominent nucleus. The upper 
polar nucleus usually lies very close to the 
egg (Figs. 65, 68b-70, 113-115). The 
embryo sac is broad at the apex, narrows 
down at the base and continues as a 
slender tube into the U-shaped collen- 
chymatous tube. Usually four (some- 
times three to five ) embryo sacs, one from 
each lobe of the mamelon, reach maturity 
and all of them attain nearly the same 
height in the style ( Figs. 60, 64a, 67, 74, 
76). Their tips do not grow beyond the 
starchy tissue of the style ( Fig. 112). 

By this time the space between the 
ovary wall and the epidermis of the mame- 
lon is completely filled up by the peri- 
pheral growth of the lobes and the mame- 
lon can no longer be delimited from the 
adjacent tissues. 

POLLINATION AND FERTILIZATION — 
Self pollination is the rule, for the anthers 
dehisce even in a closed bud. The pollen 
grains are deposited in the interspaces 
between the stigmatic papillae. Fre- 
quently pollen grains of two sizes were 
seen on the stigma. It is likely that the 
smaller ones are sterile. A number of 
pollen tubes were seen in the style but 
their contents could not be made out. 
The tip of the tube becomes flattened and 
appears to branch at the time of its entry 
into the embryo sac ( Figs. 69, 73 ). 


Fiss. 74-80 — Proembryo and endosperm (c, collenchymatous tube : e, embryo sac ; 
endosperm ; pe, proembryo ; pn, primary endosperm nucleus ; s, synergid ). Fig. 74. L.s. ovil 
and part of style showing some fertilized embryo sacs ( diagrammatic ). x 10. Fig. 75. First divis} 
of zygote. x 358. Fig. 76. Tips of three embryo sacs, in the style, showing proembryos ( dl 
grammatic). x 35. Fig. 77. Enlarged view of proembryo marked pes in Fig. 76... %7358.) Di 
78. L.s. ovary showing proembryos and endosperms (diagrammatic). x 14. Fig. 79. Proembil 
marked pe’, in Fig. 78. x 358. Fig. 80. Sixteen-celled endosperm from a whole mount. x 158. 


The lower polar nucleus ascends from 
he base of the embryo sac lying in the 
wary to its upper part in the style ( Fig. 
14) and comes to lie adjacent to the 
ipper polar nucleus. Normally both the 
olar nuclei are of the same size ( Fig. 69 ), 
ut sometimes one may be larger than the 


Bier (Figs. 70, 115). 


They fuse just 


below the egg ( Figs. 69-71, 73, 115) or 
at a slightly lower level ( Figs. 67e4, 72a). 
A noteworthy feature is the presence of 
a dense cytoplasmic sheath around the 
nuclei ( Fig. 73 ). 

Occasionally pollen tubes were seen 
above the embryo sacs prior to polar 
fusion ( Figs. 68a, b, 69, 117). In some 
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Fires. 83-88 — Embryo and endosperm, contd. (c, collenchymatous tube; emb, embryo;! 
end, endosperm; fc, fleshy coat; pz, parenchymatous zone; | 
sclereids; sp, suspensor; vl, viscid layer; vz, vascular zone ). N 
parative development of embryo and endosperm ( diagrammatic ). x 10. 


cases the egg had been fertilized even 
before the polar nuclei had fused ( Figs. 
72a, b, 73), in others the polar nuclei had 
fused but there was no trace of the pollen 
tube (Figs. 71, 116). Thus, fusion of 
polar nuclei does not seem to bear any 
relation to the fertilization of the egg, 
although as a rule polar fusion precedes 
fertilization ( Figs. 71, 116). 
Fertilization was not observed but the 
presence of two nucleoli of different sizes 
within the egg nucleus indicates that ferti- 
lization occurs normally ( Figs. 72b, 73 ). 


on 
> 


Bars 


ysp, remnants of suspensor; sl, 


Figs. 83-88. L.s. fruits showing com-}/ 


EMBRYO AND ENDOSPERM — The zygote} 
elongates downwards and divides verti- | 
cally ( Figs. 75, 118 ) as in other members || 
of the Loranthaceae. The subsequent}! 
divisions are all transverse, resulting|| 
in the formation of a long biseriate pro-}| 
embryo ( Figs. .76, 77, 79, 119). Three 
to four proembryos, one from each 
embryo sac, develop in the style ( Fig. 
76). 

By repeated transverse divisions and 
elongation of the primary suspensor cells, 
the proembryos are pushed down the style} 
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until they reach the ovary ( Figs. 78, 120). 
Finally, the proembryos enter the basal 
portions of the embryo sacs and make 
their way through the endosperm tissue 
(Figs. 78, 81, 82). The long suspensor 
shows twisting and coiling in the stylar 
region ( Fig. 78). 

At first the primary endosperm nucleus 
shows an irregular outline and lies below 
the zygote. Soon after the latter has 
divided, the primary endosperm nucleus 
returns to the lower part of the embryo 
sac located in the collenchymatous tube. 
Here it divides and redivides to form a 


atous zone ; 7sp, remnants of suspensor ; 
ayer ; v2, vascular zone). 
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cellular endosperm which extends from 
the base upwards and usually consists of 
four vertical rows of cells ( Fig. 80), of 
which those in the basal portion are 
smaller than those in the upper. The 
cells in the middle portion of the endo- 
sperm become highly vacuolated and 
enlarged with the result that it appears 
inflated in this region (Fig. 78). The 
upper cells are greatly elongated and 
appear filamentous. After the proem- 


bryos have reached the collenchymatous 
tube the suspensor cells and the upper 
tiers of the endosperm cells undergo a 


Fics. 89-95 — Fruit (c, collenchymatous tube; emb, embryo ; end, endosperm ; fc, fleshy coat ; 
vb, inner ring of vascular bundles ; ovb, outer ring of vascular bundles ; p/, plumule ; pz, parenchy- 
; sl, sclereids ; 
Fig. 89. L.s. mature fruit (diagrammatic ). X 11. 
ruit at levels indicated in Fig. 89 (diagrammatic). x 11. 


tend, teeth of endosperm ; v/, viscid 
Bigs. 90-95T-s. 


102 a 


2 " 
4 Mi 
u! 

= h 

M 

= LA 
iR 

4 

nl 

i 

i 

% 

$ 

if) 

fe 
% 


KZ 1) N 
AIS TRA NS 
\ \ N N 


ww 


N 


Fics. 96-102 — Mature endosperm and embryo (cot, cotyledons ; emb, embryo ; fp, finger-like 
processes ; h, hairs ; pl, plumule ; 7, radicular end). Fig. 96. Mature endosperm enclosing the 
embryo (whole mount). x 10. Fig. 97. Embryo only (whole mount). x 10. Fig. 98. L.s} 
embryo showing finger-like processes in the upper part. x 32. Figs. 99, 100. Enlarged view of 
branched and normal finger-like processes. x 149. Fig. 101. Same (t.s.). x 149. Fig. 102] 
Hairs from region marked 102 in Fig. 98. x 327. | 
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characteristic twisting (Fig. 78). Gra- 
dually the lower portion of the endosperm 
is consumed and the cells of the pro- 
embryo in this part undergo repeated 
divisions resulting in a densely staining 
mass. Of the three or four embryos, 
which start developing in an ovary, only 
one survives. 

During its subsequent development, the 
upper endosperm cells ( above the coiled 
mass ) become very active and undergo 
repeated cell divisions. Figs. 83-89 and 
121-125 illustrate some stages in the deve- 
lopment of the embryo and endosperm. 
As the individual endosperms expand 
laterally, the intervening cells get crushed 
and consumed so that a composite endo- 
sperm is formed surronnding the club- 
shaped embryo. The lateral growth of 
the endosperm continues until checked by 
the vascular bundles traversing the inner 
wall of the pericarp. The basal portion 
of the endosperm extends over and around 
the collenchymatous tube ( Figs. 84, 85). 


The secondary suspensor is much 
broader as compared to the embryo proper 
( Figs. 84-86, 124 ) but later on it shrinks 
and becomes reduced. The cotyledons 
and the plumule differentiate in the usual 
way (Figs. 87, 88), and at this stage the 
embryo seems to be pulled up above the 
collenchymatous tube as a result of coiling 
of the upper part of the suspensor. At the 
same time, the endosperm tissue extends 
in the region between the embryo and the 
collenchymatous tube ( Figs. 86-88, 105 ). 

Fruit — The ovary wall is composed 
of parenchymatous cells which differen- 
tiate into four distinct zones ( Figs. 89-95). 
Immediately surrounding the endosperm 
lies a region of thin-walled cells ( “vas- 
cular zone’”’) traversed by the vascular 
bundles supplying the perianth, androe- 
cium and style (Figs. 83-85). As the 
endosperm matures it consumes the inner 
tissues as far as the vascular bundles. 
The “vascular zone’ is followed by a 
“parenchymatous zone” composed of 


Fics. 103-106 — Pericarp (fc, fleshy coat ; pz, parenchymatous zone 


Figs. 


e ; vl, viscid layer ). 
103, 105. L.s. fruits, outline diagrams for. Figs. 104, 106 (diagrammatic). x 6. Figs. 104, 106. 
Enlarged views of region marked with a rectangle in Figs. 103 and 105. x 88. 


Fies. 107-110 — Fig. 107. T.s. ovary showing the quadrilocular nature. x 320. Fig. 108.| 


L.s. mamelon at megaspore mother cell stage. x 240. Figs. 109, 110. Two- 


and four-nucleate 
embryo sac. X 620, X 820. | 
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thin-walled, vertically elongated and 
tannin-filled cells. When the embryo has 
reached the club-shaped stage and the 
composite endosperm has extended around 
the collenchymatous tube, the cells at the 
base of the fruit immediately outside the 
tannin-filled parenchymatous layer elon- 
gate laterally ( Figs. 103, 104) and their 
outer ends bend upwards. Simultaneous- 
ly their nuclei also elongate and show two 
nucleoli (Fig. 106). This tissue consti- 
mutesa the “viscid layer”. It*forms a 
cylinder around the parenchymatous zone 
in the basal part of the fruit but in the 
upper portion it is broken up into vertical 
strands ( Figs. 92-94) which extend to a 
level slightly below the tip of the endo- 
sperm ( Fig. 91). The cells of the viscid 
layer are vacuolated and do not have any 
spiral thickenings as reported in Dendroph- 
thoe falcata (Singh, 1952). They secrete 
viscin which is responsible for the ejection 
Ofethesseed > 


The outermost zone forms the “ fleshy 
coat ” consisting of slightly thick-walled 
parenchymatous cells. The outer wall 
of the epidermis is considerably thickened 
and heavily cutinized and sunken stomata 
are present in the upper part of the peri- 
carp. Sclereids develop at a late stage 
and are confined only to the base of the 
fruit ( Figs. 88, 89 sl). They are usually 
associated with tannin-filled cells. Occa- 
sionally, the latter also become thickened 
and transformed into sclereids showing a 
number of pits on their walls. 

The maturation of the fruit is accom- 
panied by considerable elongation of the 
ovary below level 21 marked in Fig. 17. 
The six vascular bundles entering the base 
of the ovary divide and arrange them- 
selves in two rings of six each ( Fig. 95). 
During its lateral extension, the endo- 
sperm is first checked by the inner ring of 
six carpellary traces and then by the outer 
ring of staminal and perianth traces. 


Fics. 111, 112 — Fig. 111. Upper end of embryo sac (in the style) showing two nuclei. x 250. 
Fig. 112. Tips of embryo sacs (in the style 80: 


Pies. 113-116 — (LP, lower polar nucleus). Fig. 113. Tip of embryo sac showing egg appa- 
ratus and upper polar nucleus. x 360. Fig. 114. Lower polar nucleus LP, approaching the upper 


polar nucleus. x 210. Fig. 115. Lower and upper polar nuclei before fusion. x 290. Fig. 116. 
The fusion nucleus. x 300. 
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117-120— ( emb, proembryo 


118. Vertical division of the zy 
120. Proembryo entering the ovary. 
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Thus, cross-sections of the endosperm give collenchymatous tube. The upper par 
a furrowed appearance, the furrows being of the endosperm is also lobed with : 
occupied by the bundles of the inner ring. hollow cavity extending up to two-third 
The basal portion of the endosperm shows of its length. Inside this cavity lies th 
a conspicuous depression in the middle embryo with its radicular end project 
and extends downwards into six small ing above the endosperm ( Figs. 89, 96 
lobes (Fig. 95) around the persistent 125). The upper lobes become free an 


ve 
* 
ve 


Fies. 121-125 (emb, embryo : end, endospernt ab - i 
velopment of the embryo and “endosperm. x 47, a dae me Bee 


: . 3 x X . F1 i 
fruit showing mature embryo and endosperm. x 17. 13, x 14. Fig. 125. Portion of 
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attenuated to form sharp teeth-like struc- 
tures ( Figs. 91, 96) while the lower ones 
remain compact. The cells of the mature 
endosperm are packed with starch grains. 

The embryo is 3-4 mm in length and the 
cotyledons are fused along their margins 
for the major part of their length leaving 
only a narrow chink in the region where 
_ the plumule is situated. One of the coty- 
ledons is slightly longer than the other. 
Irregularities in the shape of the coty- 
ledons leading to their bifurcation or 
branching are common. The massive 
radicular end, which is only slightly 
shorter than the cotyledons, is covered 
over by a number of multicellular hair-like 
structures at the top and club-shaped 
‚processes on the sides ( Figs. 96-100, 102, 
125). These are devoid of vascular 
supply ( Figs. 99-102). Similar processes 
have also been reported in Dendrophthoe 
neelgherrensis (Narayana, 1956) and Heli- 
canthes elastica ( Johri, Agrawal & Garg, 
#957). Singh (1952) states that in 
Dendrophthoe falcata the embryo “ posses- 
ses a cushion-like radicular end with an 
equatorial ring of small papillae whose 
morphological nature is unknown ”. These 
lateral processes are even more pronounced 
and well developed in Lystana than in 
either Helicanthes or Dendrophthoe. Their 
function is still obscure but probably they 
enable the naked seed to secure a better 
hold on the host during germination. 
This, of course, needs to be confirmed by 
field observations. 

The radicular end has four to five 
endarch collateral bundles (Fig. 91) 
which terminate a short distance below 
the tip. The hypocotyle region also 
shows the same number of bundles. 
From these, two traces usually continue 
into each cotyledon (Fig. 92) where 
they increase to four or five at the tip. 


Summary 


The floral morphology and embryology 
of Lysiana exocarpi have been investigated. 
The carpels, as deduced from the number 
of vascular bundles and chambers in the 
ovary, appear to be four. 

The anther wall consists of the epi- 
dermis, fibrous endothecium, one to two 
middle layers and glandular tapetum, 


NARAYANA — STUDIES IN THE FAMILY LORANTHACEAE 


167 


The anthers dehisce even in closed buds 
and each microsporangium opens in- 
dependently. The microspore mother celis 
undergo simultaneous reduction divisions 
resulting in tetrahedral and decussate 
tetrads. The pollen grains are tri-radiate 
and are shed at the 2-celled stage. Some- 
times more than four microspores are 
produced; this is due to abnormalities in 
meiosis. 

The mamelon is 4-lobed and the lobes 
represent reduced ovules. A collenchy- 
matous tube differentiates at the base 
of the mamelon. 

A multicelled archesporium is present 
in each lobe of the mamelon. The sporo- 
genous cells function directly as megaspore 
mother cells and give rise to normal linear 
tetrads. One or two megaspores of a 
tetrad may function. As in Macrosolen 
a 6-nucleate embryo sac precedes the 
normal 8-nucleate stage which conforms 
to the Polygonum type. Four or five 
embryo sacs enter the stylar tissue and 
all of them reach nearly the same height. 
The lower ends of the embryo sacs give 
rise to caeca which extend into the collen- 
chymatous tube leaving the antipodal 
cells in situ. 

Polar fusion takes place just below the 
egg. The primary endosperm nucleus 
descends to the basal portion of the 
embryo sac lying in the ovary. A Coeno- 
endosperm is formed by the fusion of 
adjacent endosperms. 

The first division of the zygote is vertical 
and subsequent divisions are transverse 
resulting in a long biseriate proembryo. 
Three to five of these descend into the 
ovary. 

The endosperm extends laterally as well 
as basally so as to enclose the collenchyma- 
tous tube. Due to the coiling of the 
secondary suspensor the embryo is pulled 
up so that it comes to lie in the centre 
of endosperm. The mature endosperm 
shows 5-6 furrows and is directly sur- 
rounded by the pericarp which is dis- 
tinguished into four zones. The embryo 
fits into the hollow cavity of the endo- 
sperm with its radicular end projecting 
outside it. The fruit is a pseudoberry. 

I am very grateful to Professor P. 
Maheshwari for suggesting the problem 
and for his valuable advice and guidance 
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A QUALITATIVE SURVEY OF THE FREE AMINO ACIDS AND 
SUGARS IN THE DEVELOPING FEMALE GAMETOPHYTE 
AND EMBRYO OF PINUS ROXBURGHII SAR. 


R. N. KONAR 
Department of Botany, University of Delhi, Delhi, India 


In angiosperms the maize endosperm 
has been a favourite object of biochemical 
studies. The carbohydrate metabolism 
has been studied by several workers using 
biochemical and genetic techniques ( Cul- 
pepper & Magoon, 1924; Bernstein, 1943; 
Andrews et al., 1944; Cameron, 1947; 
Kramer & Whistler, 1949 ). Zeleny ( 1935) 
and Watson ( 1949 ) studied the synthesis 
of two proteins, zein and glutelin, the 
former during the initial stages and the 
latter during the maturity of the seed. 
Stehsel & Wildman (1950) investigat- 
ed the interrelationships of tryptophane, 
niacin and indoleacetic acid in the deve- 
loping endosperm of maize while Dunvick 
(1952) studied the free amino acids 


present in the corn endosperm at various | 
stages of development. He observed | 
definite quantitative changes in the amino 
acid content of the developing endosperm | 
in a number of varieties. A few other: 
angiosperms, like cotton, have also been 
subjected to such studies. However, a 
study of the literature shows that hardly. 
any work has been done on the physiology 
of the developing female gametophytes 
of the gymnosperms. The present report 
embodies a preliminary investigation of | 
the free amino acids and sugars present 
in the developing gametophyte and 
embryo with the help of paper chromato- 
graphy. Ina recent report Bartels (1957) 
has identified asparagine, glutamic acid, 


| 
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«-alanine, proline, threonine, serine, valine, 
leucine, phenylalanine, tyrosine and 
cystein in germinating seeds of Pinus 
nigra Arn., P. sylvestris L. and Picea abies 
Karst. He has utilized this knowledge 
in the in vitro culture of embryos with 
success. 

Female cones of Pinus roxburghii were 
brought to the laboratory from the plants 
growing near the Parliament House, New 
Delhi, and the gametophytes dissected out 
from the ovules. These were placed in a 
tared weighing bottle and known amount 
of wet weight was taken at different stages 
of development. Unless otherwise men- 
tioned, ca 0:5 gm was taken for each 
analysis. The archegonia were dissected 
out in prefertilization stages but from the 
time the proembryos started growing 
these were taken out separately and 
analysed. The material was homogenized 
with 20 times w/v of 80 per cent ethanol 
in a ‘ Polytron’ Homogenizer at 10,000 
r.p.m. for 10 minutes. It was then kept 
for cold extraction for 4 hours at room 
temperature. This precipitated the pro- 
teins and also stopped all enzyme action 
(Hunt, 1951). The material was later 
centrifuged at 2000 g. The supernatant 
was kept aside and the residue treated 
with a further 5 ml of 80 per cent ethanol. 
After allowing about half an hour for 
extraction it was again centrifuged and 
the supernatant mixed with the former 
extract. The pooled extract was taken 
and evaporated by means of a jet of 
air at 40°C. The residue was taken up 
in 1 ml of 80 per cent ethanol. This 
extract was analysed for the free amino 
acids and sugars present in the gameto- 
phyte or the embryo. 

Conventional methods of chromato- 
graphy, both one- and two-dimensional, 
were used. For one-dimensional descend- 
ing chromatography, n-butanol: acetic 
acid: water (4:1:5 v/v) was used as 
solvent; for two-dimensional, water satu- 
rated phenol (pH 12) was used in the 
first direction and _ n-butanol: acetic 
acid: water in the second direction. The 
amino acid chromatograms were deve- 
loped by spraying with 0-5 per cent nin- 
hydrin ( 99-5 ml of water saturated buta- 
nol + 0:5 gm of ninhydrin ) and heating 
at a temperature of 105°C in an oven for 
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5 minutes. For sugars, the chromato- 
grams were developed by spraying aniline 
oxalate (Partridge, 1951) and drying 
for 10 minutes at 110°C when brown spots 
characteristic of hexoses and disaccharides 
made their appearance. Identification 
of the different spots was done by co- 
chromatography of known mixtures of 
amino acids or sugars run simultaneously 
with the unknowns. 

The amino acid chromatograms revealed 
the presence of twelve amino acids, viz. 
aspartic acid, histidine, serine, glycine, 
«-alanine, glutamic acid, threonine, argi- 
nine, proline, valine, leucine, cystein and 
two amides glutamine and asparagine. 
One aromatic amino acid, tyrosine, was 
identified in traces (see Table 1). 

Separate analyses were made of the 
amino acids and sugars for the gameto- 
phyte and embryo. Table 1 shows the 
kinds of free amino acids present in the 
embryo and the gametophyte at various 
stages of development. Some points 
worth noticing here are: (1) The embryo 
and the gametophyte show the same kinds 
of free amino acids at different stages of 
development. Thus, at the stage of ferti- 
lization there are fifteen recognizable 
amino acids and amides both in the game- 
tophyte as well as in the embryo. From. 
the cellular gametophytic stage till the 
time the embryo shows cotyledonary 
primordia there is no fall in the number of 
amino acids. After that the number 
of free amino acids gradually falls both 
in the gametophyte and the embryo and 
finally only asparagine remains in the free 
state. All the amino acids disappearing 
in the gametophyte also disappear from 
the embryo at the corresponding stage. 
(2) In both the embryo and the gameto- 
phyte, free aromatic amino acids are rare. 
I have been able to observe only traces of 
tyrosine, and Bartels ( 1957) also reports 
its presence in Pinus nigra, P. sylvestris 
and Picea abies only in minute amounts. 
This may be due to either of the following 
reasons: firstly it may be that the aromatic 
amino acids are present only in traces 
in which case a large amount of plant 
material would be required for extraction 
to reveal their presence; secondly, it is 
possible that as soon as they are formed 
they are utilized for the synthesis of other 
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Ary 
COLLEC- DATE OF SIZE OF STAGE OF ASPARTIC.GLUTAMIC SERINE GLYCINE 
TION CoLLEC- GAMETO- DEVELOPMENT OF ACID ACID 
NUMBER TION PHYTE THE GAMETOPHYTE | 
LxB AND THE EMBRYO | 
1 13-4-57 2:5x2 Cellular gametophyte 3 =i ae SR | 
2) 21-4-57 3x2 Cellular gametophyte + + + Ar 
with archegonial 
initials 
3 28-4-57 4x2 Cellular gametophyte + 2 = ze 
with small archego- | 
nium having a cent- | 
ral nucleus | 
4 5-5-57 6x2 Cellular gametophyte + + + + 
with enlarging arche- 
gonium 
5 11-5-57 8x3 (i) Cellular gameto- + = + 21e 
phyte 
(ii) Fertilized egg or 
small proembryo 
6 18-5-57 9X3:5 (i) Cellular gameto- =e + + oh 
phyte | 
(ii) Proembryos | 
7 2-6-57 9x4 do -- + + + | 
8 18-6-57 10x4 do + =~ + + | 
9 3-7-57 10x4 (i) Cellular gameto- + _ + + | 
phyte | 
(i) Functional embryo 
growing while | 
others’ growth is 
arrested 
10 9-7-57 10x4 (i) Cellular gameto- + + + en 
phyte | 
(ii) Embryos in differ- | 
ent development- 
al stages 
11 21-7-57 10x4 (i) Cellular gameto- — + + + 
phyte 
(ii) Some of the em- 
bryos showing 
cotyledonary pri- 
mordia 
12 27-8-57 10x45 (i) Cellular gameto- + ae sit Tr 
phyte | 
(ii) Developing em- 
bryo 
13 2-9-57 10x5 do _ se == Tr | 
14 10-9-57 10x5 do — ie site ram | 
15 18-9-57 10x5 do — + ae a 
16 29-9-57 10x5 do = ae as 2 
17 14-10-57 10x5 do = a. a ER 
18 31-10-57 10x5 do _ + Tr =< | 
19" 1811-5710 x 5 do = En = 2 | 
20 18-12-57 10x5 do = = = we 
2 22-1-58 10x5 do = = + uae 
22 17-2-58 10x5 do = aes 


L = Length in mm; B = Breadth in mm; (+) = Present; Tr = Trace; (—) = Absent. | 
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- THREONINE a-ALA- TYROSINE PROLINE VALINE ARGININE LEUCINE ASPARA- GLUTA- 


NINE GINE MINE 
Ar = Zi: ze a1: + ae Ar of 
SE Ar Fr Sir ne ar a ar dis 
Ste in IF =e =f SF te ae I 
Ar 2 == IF ae =e ae Sis ete 
ze 15 a5 ae An et Ste a 
+ Sir + ae =F ir 4 Sr Sr 
= 15 aie Ar Ar + =f aig ir 
Ein + SE ar iF Ir a Se Ae 
a= 2e ar ate = te ar Sir 
ar Zi Ar ER Sr ae Ar qe Se 
as a SF ia ae Ei cis =f 5 
a + Tr ue + Tr + ae Tr 
== > = Ar är Ibe Ar ais = 
— = fa ats ab Tr te Ze = 
= = == Sr Ar Tr 4p ar _ 
= = = + 1: Tr u a 5 
= In = = — ‘hr — + ee 
= — = u = Tr = + Be 
= En — — = Tr = + LS 
ce. Tr ote Per _ Tr Zur + == 
nn 38 2e = = Tr = qe = 
> _ — = oral oa F3 its Ta 
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TABLE 2* 


COLLEC- SUCROSE GLUCOSE FRUCTOSE TRISAC- 


TION CHARIDE 
NUMBER 

1 SF ae ar = 

2 St + = 

3 == ae aie = 
“ a =e sic = 
5 IE =F aS = 
6 ae aie an Bez 

7 + + a a 
8 as + TE Abo 
9 an “Me = Abe 
10 + Tr _ ab: 
11 + Tr _ Pr 
12 + — = Mr 
13 +: — — TR 
14 _ _ ye 
15 + — — Abe 
16 + _ _ Ads 
47 =e — = Tr 
18 + _ — Ie 
19 + _ = Tr 
20 Shi = = SE 

21 Er = = + 

22 jr — = hr 

*Collection numbers are the same as in 


Table 1. 


compounds like some growth promoting 
substances which are so vital to plants. 
The latter explanation seems to be more 
reasonable in view of the fact that in maize 
endosperm Dunvick (1952) found com- 
plete absence of free aromatic amino acids 
like tyrosine, tryptophane, etc. In later 
stages of development when the embryo 
starts growing even traces of tyrosine are 
not seen. 

Table 2 summarizes the situation with 
regard to the soluble sugars in the gameto- 
phyte and the embryo. The more im- 
portant points to note from the table are: 
initially, before the embryo is formed, 
the gametophyte has three sugars, viz. 
fructose, glucose and sucrose. Gradually, 
as the embryo develops, the concentration 
of free fructose and glucose decreases till 
only sucrose remains. With this change 
there is gradual accumulation of starch 
in the gametophyte. The embryo con- 
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tains only one free sugar, sucrose. Apar 
from this disaccharide, an unidentifiec 
trisaccharide is also seen which become 
prominent by the middle of December. 

Table 1 clearly indicates that there i 
no qualitative difference in the free amine 
acids of the developing gametophyte an¢ 
the embryo. As the embryo mature 
the number of free amino acids falls to on 
in both these cases. Thus, there is : 
close correspondence between the fre 
amino acids both in the gametophyt! 
as also in the embryo. No analyses o 
the protein- content of the gametophyt 
and embryo have been made in the presen 
investigation, but the disappearance a 
the free amino acids would mean tha 
some proteinaceous reserve product i 
being synthesized in the gametophyt 
as well as in the embryo. Since th 
same types of free amino acids are uti 
lized, the reserve products should be th 
same in both the gametophyte and th 
embryo. 

The pre-embryonic gametophyte show 
the presence of sucrose and its two h 
drolytic products, glucose and Top 
When the embryo starts ui 
glucose and fructose disappear, but sucro 
remains and shortly afterwards starc 
makes its appearance and its amou 
increases with growth. In initial stage 
the main reaction is the synthesis ¢ 
sucrose from fructose and glucose althou 
this goes on so slowly that all the fr 
fructose and glucose are not utilizec 
In later stages of development the ma 
shift of the reaction occurs towards star 
and fat synthesis (from glucose units 
and thus no free glucose and fructos 
are seen. In the embryo no free a 
and glucose can be discerned but onl 
sucrose along with starch and fat. Th 
during the development of embryo un 
gametophy te the main shift of the reacti 
is synthetic whereby large Ste an 
reserve products like proteins, fats a 
starch are accumulated. 

A reference to the mechanism of embr 
nourishment would be pertinent her: 
Since the embryo is surrounded on all sidi 
by the gametophyte, it is logical to assu 
that the embryo derives its nutriti 
from the surrounding gametophytic tissu 
as already discussed earlier. There is 
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preponderance of synthetic reactions in 
the gametophyte and reserve products 
accumulate mainly during development. 
The simpler building units for synthesis 
of complex substances by the embryo are 
perhaps derived by an active mechanism, 
j.e., secretion of certain enzymes which 
break up the reserve products of the 
gametophyte. The simpler substances are 
perhaps then absorbed and resynthesized 
into complex molecules like starch and 
proteins. In a transverse section of the 
gametophyte one clearly observes several 
layers of cells of the gametophyte, sur- 
rounding the embryo, which are devoid 
of any visible reserve products like starch. 
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It is principally from this zone of the 
gametophyte that the embryo derives its 
nutrients for synthetic reactions. After 
the embryo is physiologically mature 
the accumulated food material is utilized 
at the time of seed germination ( Bartels, 
1957.). 

I am indebted to Professor P. Mahe- 
shwari for suggesting this problem and 
encouraging me throughout the course 
of the investigation. I also take this 
opportunity to thank Dr B. D. Sanwal for 
his help and guidance. To Professor Dr 
HERZ Linskens of) R. PK University, 
Nijmegen, Holland, I am grateful for going 
through the manuscript. 
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A QUANTITATIVE SURVEY OF SOME NITROGENOUS | 
SUBSTANCES AND FATS IN THE DEVELOPING EMBRYOS} 
AND GAMETOPHYTES OF PINUS ROXBURGHII SAR. | 


R. N. KONAR 
Department of Botany, University of Delhi, Delhi, India 


A survey of the literature reveals that 
there is hardly any work on the physio- 
logy of the gametophyte and the embryo 
excepting some microchemical tests indi- 
cating different types of reserve products 
present in them. In angiosperms the 
maize endosperm has been studied in- 
tensively — possibly because of its econo- 
mic importance and from which Haagen- 
Smit et al. (1946 ) have isolated 3-indole- 
acetic acid. The interrelationship between 
the tryptophane, auxin and nicotinic acid 
content of the endosperm has been studied 
by Stehsel & Wildman (1950). None 
of the gymnosperms has, however, been 
studied from this point of view. To 
understand the nutritional relationships 
between the gametophyte and the embryo 
it became necessary to study the various 
changes that take place in the embryo and 
gametophyte during their development 
specially regarding protein and fat syn- 
thesis. 

Fresh female cones from the trees of 
Pinus roxburghii growing near the Parlia- 
ment House, New Delhi, were brought 
to the laboratory and the seeds taken 
out. The seed coat and the remains of the 
nucellus were removed and the gametophy- 
tes kept in a container. The proembryos 
were initially very small and there were 
several in each gametophyte though as 
development proceeded their number 
became reduced to one due to a cessa- 
tion of growth of the others (Figs. 
5-14). The proembryos or embryos were 
dissected out of the gametophyte and 
weighed separately. In every case the fresh 
weight of the material (gametophyte or 
embryo, as the case may be ) was taken in 
a tared bottle and the results calculated 
on this basis. 


The quantity of the material varie 
with time but was never less than ca 
0-7 gm. The weighed material wat 
transferred to a small tube and homd 
genized in a ‘ Polytron’ homogenizer a 
10,000 r.p.m. for 10 minutes, with 2 
times (w/v) 80 per cent ethanol. Afteı 
homogenization, the pasty mass wa 
allowed to stand for 4 hours at roon 
temperature to extract the alcohol solubl 
nitrogen, viz. amino acids and amides wit! 
purines and pyrimidines. This was the} 
centrifuged at 2000 x g for 15 minutes 
The supernatant liquid was decanted o 
The residue was shaken with addition 
80 per cent ethanol, allowed to stand for , 
further period of one hour and agaij 
centrifuged. The second extract wa 
mixed with the first and made to a cous 
volume with 80 per cent ethanol. 

The residue from centrifugation w 
mixed with a 3:1 mixture of chlor 
form: ether and kept for 8 hours at roo 
temperature to extract all fatty substance 
It was then filtered through Whatma 
filter paper No. 42, previously washed wit 
chloroform-ether mixture, and weighe 
The residue was repeatedly washed wit 
small amounts of chloroform-ether mix 
ture and after drying at 100°C for 24 mee 
it was estimated for total nitrogen. 

For the determination of amino nitro 
gen, Pope & Stevens’ (1939; see als 
Schroeder et al. 1950) method was used 
A definite amount of alcohol extract wa 
taken, mixed with about 3 times it 
volume of copper phosphate suspensio 
and then filtered. The copper content & 
the filtrate was determined iodometrically 
Nitrogen was determined by Kjeldahl’ 
method. Mercury was used as a cata 
lyst, and K,SO, was used for raising th 
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temperature of the digestion mixture 
Mckenzie & Wallace, 1954). The ammonia 
was liberated by the NaOH-Na,S,0, 
mixture and distilled over into boric 
acid containing a mixed methylene blue- 
nethyl red indicator in a Parnas-Wagner 
ıpparatus. 

Determination of the fatty substances 
was done gravimetrically by evaporating 
he chloroform-ether solvent in a weighed 
srucible by means of a jet of air. After 
the chloroform and ether had evaporated, 
he crucible was placed in a desiccator 
containing fused calcium chloride. With 
the procedure outlined above, small 
amounts of fats are removed in the ethanol 
extract also but this loss is very insigni- 
icant. The crucible containing fat was 
jried to a constant weight and the per- 
centage of fatty substances calculated. 
From the total nitrogen the value of 
alcohol soluble nitrogen was deducted 
yiving an approximate idea of the amount 
of protein nitrogen present. 

For the determination of amino nitro- 
zen, alcohol soluble nitrogen, and protein 
nitrogen, analyses were made of embryos 
it the stages shown in Figs. 12-14. At 
this stage the embryos already had differ- 
ntiated cotyledons and by the first week 
of December they were quite mature. 

Figure 1 indicates the variation in the 
quantity of total alcohol soluble nitrogen 
ind amino nitrogen in the gametophyte. 
At the end of October, the percentage of 
alcohol soluble nitrogen is quite low, but 
gradually it increases and reaches a peak 
near about the last week of November. 
Soon, however, there is a fallin the amount 
of alcohol soluble nitrogen and by the 
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Fic. 1 — Alcohol soluble nitrogen and amino 
itrogen in the gametophyte. 
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Fic. 2 — Alcohol soluble 
amino nitrogen in the embryo. 
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third week of December it is seen only in 
traces. By the beginning of January it 
disappears completely. The embryos 
show a similar curve and the maxima 
are also reached at about the same time 
(Fig. 2). The amino nitrogen at these 
stages of development is negligible both 
in the gametophyte and the embryo 
( Figs. 1, 2). 

Simultaneously with a fall in the alcohol 
soluble nitrogen there is a rise in the 
protein content of both the gametophyte 
and the embryo. This is quite understand- 
able as at this stage chromatographic 
analysis shows the presence of very few 
free amino acids ( Konar, 1958 ) in limited 
quantities. After the seeds have matured 
the protein content of both the embryo 
and the gametophyte becomes more or 
less constant (Fig. 3). 

Analyses of the fat content of the game- 
tophyte and embryo were made from the 
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Fic. 3 — Protein nitrogen in the embryo and 
gametophyte. 
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time small suspensors were seen in the 
gametophyte. As growth occurs, the fat 
content of both the gametophyte and the 
embryo increases and shows a “sigmoid ? 
type of curve. Fat appears first in the 
gametophyte and then in the embryo 
(Fig. 4). The increase in fatty substances 
is more gradual in the former although 
finally the gametophyte contains more fat 
(31 %) than the embryo (29 % }: 

From these data it is clear that as there 
is fall in the alcohol soluble nitrogen and 
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Fic. 4— Fat content of the embryo and 
gametophyte. 
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Fics. 5-14 — Diagrammatic representation || 
the various stages of the development of embri 
and gametophytes during the period of anal 


amino nitrogen, there is a concurre! 
building up of more complex substanc! 
like proteins from amino acids. Th} 
there is a fall and final disappearan 
of most of the amino acids has alreac 
been communicated in an earlier pap 
( Konar, 1958). Fat being a reserve mat 
rial accumulates during the maturity 
seeds. 

I am indebted to Professor P. Ma | 
shwari and Dr B. D. Sanwal for sugga 
tions and guidance. To Professor Dr H. 
Linskens I am obliged for going throu 
the manuscript and to Mr D. M. Son 
for tracing the graphs for me. 
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THE UNISEXUAL FLOWER--A REPLY TO CRITICISM 


J. HESLOP-HARRISON 


Department of Botany, Queen’s University, Belfast, Northern Ireland 


In a recent issue of Phytomorphology, 
arkin ( 1957 ) has taken me to task over 
ertain comments upon flower structure 
vhich I made in the preamble to a review 
oncerning the experimental modification 
f sex expression in flowering plants 
Heslop-Harrison, 1957). As he acknow- 
edges, the passages to which he takes 
xception were secondary to the main 
opic of the paper; they were, in fact, in- 
luded simply to draw attention to some 
f the morphological issues to be faced in 
my approach to the problems of flowering. 
\s a statement mainly of the different 
joints of view, I had thought that my 
omments might themselves prove non- 
contentious. However, it seems that 
eutralism is not to be tolerated in this 
ield, and I am impelled now to explain 
vhy I stated the case as I did. 

It appears that I am criticized on three 
rincipal grounds: firstly, for the use of 
nappropriate and obsolete terminology; 
econdly, for supposing that the evidence 
rom such matters as wood anatomy has 
my bearing upon whether or not the taxon 
\ngiospermae is monophyletic; and 
hirdly, for taking seriously the idea that 
here could be more than one type of 
inisexual flower. 

In the matter of terminology, I must 
irst state that I am in full agreement with 
'arkin that some standardization is 
lesirable, but unfortunately the usage I 
vould favour is in some respects dia- 
netrically opposed to that which he 
onsiders appropriate. ‚The whole field 
f sexual phenomena in plants has been 
edevilled by the large scale transfer of 
nimal terminology, tor with the terms 
lave come inappropriate ideas. More 
han one author has commented upon this 
act, and the effect it has had in obscuring 
he significance of the special circum- 
tances associated with flowering plant 


reproduction — in particular, the alterna- 
tion of generations, a phenomenon of great 
phylogenetical, genetical, and—as no 
doubt we will increasingly learn — physio- 
logical, importance. As stated in the 
first sentence of my paper, primary 
sexuality, in the sense of producing the 
differentiated gametes themselves, is a 
property of the gametophyte; it is by 
extension of usage that the terms ‘ male ’ 
and ‘female’ are applied to the spore- 
producing organs of the sporophytes. 
Basically, then, all flowering plants are 
unisexual, in that any given gametophyte 
produces only one sort of gamete. Ferns, 
on the other hand, are for the most part 
bisexual. Rather than confuse this im- 
portant distinction, it would be preferable 
for the terms unisexuality and bisexuality 
not to be applied to the flowering-plant 
sporophyte at all; they are only tolerable 
when employed in the adjectival form 
to qualify the word flower, for then the 
usage-extension mentioned above is under- 
stood, the implications being that the 
single flower produces one or both types 
of spore. Whilst I employed the adjec- 
tives unisexual and bisexual in this latter 
manner in the paper under criticism, I did 
not use the sectional heading which Parkin 
states he would have preferred — ‘ The 
origins of unisexuality and bisexuality ”, 
for the very good reason that the section 
in question was not concerned with this 
at all in the strict sense. It referred to 
the fact that stamens and pistil are some- 
times together in the same flower and 
sometimes separate in different ones, and 
for these situations I used the unambi- 
guous and purely botanical terms, mono- 
cliny and dicliny — terms which Parkin 
regards as now out of fashion. It is 
because bisexuality and unisexuality have 
a more basic application in relation to 
plants with an alternation of generations 
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that the terms monocliny and dicliny 
should retain their status, say fashion 
what it may. Should it be doubted 
whether the distinctions I am seeking 
to make here have any real significance, 
let the sceptic consider the genetical 
implications of the fact that because the 
angiosperms are all unisexual they can 
attain diplophase homozygosity only by 
the same method as the higher animals, 
namely long continued inbreeding, whilst 
the ferns with bisexual gametophytes can, 
in the absence of incompatibility barriers, 
reach diplophase homozygosity with a 
single fertilization. 

Of the other terms which Parkin 
criticizes, I am inclined to agree that 
hermaphrodite is not altogether satis- 
factory in botanical use, although it has 
been so long applied in describing plants 
bearing a particular sort of flower that it 
can hardly be said to be as ambiguous in 
this context as bisexual would be. In 
respect to the term pistil, I am not 
convinced that it has no further value in 
botanical terminology ( Parkin, 1955). It 
is an innocent enough morphological term 
for the central structures of the flower 
consisting of ovary, style and stigma, and 
there seems no logical reason why it 
should be rejected from the vocabulary, 
any more, say, than stamen or anther. 
In adjectival form it is not necessarily 
equivalent to carpellate, which surely 
means possessing or composed of carpels; 
this has connotations which one does not 
always wish to recall. I suspect Parkin 
and I have a considerable amount in 
common in our conception of the evolution 
of ovule-bearing structures, but in de- 
ference to those who are not convinced 
by the carpellary theory, I believe there is 
a need for a non-committal descriptive 
term, and pistil fills the requirement well 
enough. 

Turning to the second criticism, I 
cannot see that Parkin is here saying 
anything more than that the multiple 
origin of one of the features widely quoted 
as characteristic of a taxonomic group 
does not necessarily imply the multiple 
origin of the group itself. With this I 
naturally agree: but the fact remains that 
the more individual characteristics shown 
to be polyphyletic in a group such as the 
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angiosperms, the less the probability th 
the group itself as defined taxonomical 
is monophyletic. 

It is important to have a clear co 
ception of what we are doing in placi 
“ monophyletic ” and “ polyphyletic ” i 
simple antithesis like this. In relatiol 
to a single fairly closely definable chara¢ 
teristic or organ, the implications woul 
be clear enough. To state that such 
feature has been monophyletic in origit 
would simply mean that we believe i 
to have originated in a single ancestra 
population, itself the progenitor of a 
modern forms in which it appears. To say 
that a characteristic has been polyphyletil 
in origin would imply that it has arisen il 
essentially the same form repeatedly it 
genetically independent lineages. In re 
lation to a taxonomic group, however, the 
situation is by no means so clear, and 4 
failure to realize this has led on more thar 
one occasion to confused thinking. 

A taxonomic group, like the Angio! 
spermae, is primarily a unit of classifica; 
tion; it is an assemblage brought togethe 
by comparison and contrast and define 
in terms of the resemblances between its 
components and their differences fron; 
other existing organisms. This reall 
that we recognize a plant as an angiosper 
not because of some given prior knowl 
edge about such a group, but because i 
possesses a reasonable proportion © 
characteristics in common with others o 
the assemblage to which we give the name 
To say that such a group is monophyletic 
is to imply that all existing plants which 
we place in the Angiospermae arose from a 
single ancestral population which, because 
of its possession of characteristics in com- 
mon with modern angiosperms, would 
itself be classified as such. Conversely, 
to assert that the Angiospermae is a 
polyphyletic taxon would be to imply 
that among those plants today classified 
as such there exist different lineages which 
run back, independently of one another. 
to separate ancestral populations which 
we would not classify as angiosperms 
because they did not possess the full 
assemblage of characteristics which we use 
to define this group. I expressed this 
view of polyphylety in the introduction 
to the paper under criticism, and I have 
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illustrated it diagrammatically in Fig. 1. 
This figure throws into prominence the 
fundamental fact that monophylety and 
polyphylety have no absolute significance 
themselves as group concepts; a taxonomic 
group is one or the other according to the 
criteria we use to define it — according, 
that is, to the level at which we place the 
threshold ‘A’ in the diagram. 

Now there are not a great many charac- 
teristics by which we can define, both 
inclusively and exclusively, the taxon 
Angiospermae, and one feature which 
regularly appears as a group character in 
systematic texts is ““ vessels in the wood ”, 
and this remains a good enough criterion 
for the bulk of flowering plants. But the 
published evidence which I quoted, with 
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Fic. 1 — Monophylety and polyphylety as 
group concepts. The taxon “ X” may be re- 
graded as monophyletic if all its constituent 
populations arose from a single ancestral popu- 
lation which, during the interval A,, itself 
evolved characteristics that would cause a taxo- 
nomist to classify it in “X ’ did it exist today. 
The taxon “ X’’ may be regarded as polyphyle- 
tic if its constituent populations arose from 
ancestral populations which, independently, 
evolved during the time period A, characteristics 
that would cause them to be classified in “ X ” 
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which Parkin signifies agreement, suggests 
that the possession of vessels, as a charac- 
teristic, may have been attained poly- 
phyletically in the sense indicated above. 
To accept the possession of vessels as one 
of the basic criteria of what is an angio- 
sperm would, therefore, be to place the 
threshold ‘A’ at a high level. Even the 
characteristic of angiospermy itself can 
hardly be regarded as placing the threshold 
‘A’ at a low level, since there are families 
currently classified as angiosperms which 
are not fully angiospermic in the morpho- 
logical sense of the term. In fact, as has 
been stressed by Maheshwari ( 1939) and 
others, it is a female gametophyte of 
unique and on the whole remarkably con- 
sistent structure which is the principal 
characteristic giving unity to the Angio- 
spermae as we know the group today. It 
is generally considered improbable that 
this important characteristic should have 
evolved several times independently, and 
accordingly high phylogenetical signi- 
ficance is attached to it. If we regard the 
possession of a monosporic, 8-nucleate 
embryo-sac or a derivative as the funda- 
mental criterion of what we shall recognize 
as an angiosperm, then we probably set 
the threshold ‘A’ at a low level, for the 
phylogeny of the group now becomes the 
phylogeny of a single character, and the 
character in question is one not likely to 
have arisen polyphyletically. In this 
sense I continue myself to hold the view 
that the angiosperms are monophyletic, 
while still committing the sin of which 
Parkin accuses me of giving my students 
the impression that it is not the only 
possible interpretation. 

These considerations clearly have a 
bearing upon the third point of criticism, 
the derivation of the unisexual flower. It 
should first be stated that in the parti- 
cular paragraph Parkin objects to, my 
remarks were a good deal milder and less 
categorical than his paraphrases suggest. 
The actual words were — “ Whatever the 
phylogenetical interpretation may be, 
there seems no doubt that two patterns of 
dicliny are distinguishable as extreme condi- 
tions among modern flowering plants. ” 
The omission of the first clause and the 
italicized words in Parkin’s version gives 
this sentence a dogmatic ring which I 
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habitually try to avoid when writing about 
any aspect of biological variability. 
Furthermore, while I used the term 
‘ primitive’ in referring to the deduction 
of Sporne (1949, 1954) concerning the 
unisexual flower, I was careful in the 
section which Parkin criticizes to avoid 
passing judgments upon the broader 
phylogenetical issue. My division of uni- 
sexual flowers was not “ into two types, 
one derivative and the other primitive ”, 
but into a range, of which at one extreme 
are the flowers in which it is very obvious 
that unisexuality has been attained by 
the suppression of one set of essential 
organs, and at the other those in which 
unisexuality appears to be a basic attri- 
bute, “ the flowers showing no evidence of 
recent derivation from a bisexual condi- 
tion ”. In this context to say an attribute 
is basic is not the same as to assert that 
it is primitive. 

However, I do not wish to defend the 
passages which Parkin criticizes simply 
by claiming they have been misrepre- 
sented. Let me repeat a sentence from 
the paper which states my viewpoint upon 
the phylogenetical issue — “ If the angio- 
sperms as we know them today have in 
fact been polyphyletic, then arguments 
about the sexuality of the primitive flower 
are largely meaningless, since some lineages 
attaining the complex of characteristics 
constituting angiospermy may have arisen 
from pre-angiosperms with bisexual stro- 
bili and others from those with unisexual 
strobili. ” Again the situation may be 
illustrated by resort to a diagram. In 
Fig. 2, a number of episodes in flowering 
plant evolution are represented: the 
advent of functional heterospory and of 
heterangy, the aggregation of sporangio- 
phores into bisexual strobili, and the 
separation again into unisexual ones. The 
view of those who consider the bisexual 
state primitive is represented in essentials 
in Fig. 2a. An alternative view is re- 
presented in Fig. 2b: here the original 
heterangic lineage with unisexual strobili 
is conceived as having direct modern 
descendents retaining these characteristics, 
but to have given rise at various times to 
forms with bisexual strobili, some of which 
have later reverted once again. Evidently 
the interpretation of Fig. 2b in terms of 
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Fic. 2a — An interpretation of the sequence 
of some episodes in flower evolution based upon 
the assumption that all existing angiosperms) 
arose from forms already possessing ambis- 
porangiate strobili. The ‘threshold of angio- 
spermy ‘’ is indicated at A. | 


group phylogeny will depend entirely upon) 
where we place the threshold of angio-| 
spermy; if at ‘A,’, we accept that the} 
group is monophyletic and that the) 
ancestral population had unisexual 
flowers; if at “A,, we imply that the! 
group is polyphyletic, some ancestral! 
populations having had unisexual flowers: 
and others bisexual. 

The point of this analysis is that it 
reduces to simple terms what appears to 
have been, and still to be, the principal 
clash of opinion; and it is difficult to see 
that the available morphological or 
palaeontological evidence allows us to 
choose positively between the alternatives, 
if they are indeed as distinct as they 
appear. But it is possible that we are not 
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Fic. 2b — An alternative interpretation, ac- 
cepting that some existing forms may have 
arisen directly from non-angiospermic ancestors 
with monosporangiate strobili. If the “ thres- 
hold of angiospermy’’ is placed at A, we 
accept that the group is monophyletic and 
primitively unisexual in flower character, if at 
A,, that the group is polyphyletic, some ances- 
tral populations having had unisexual flowers 
and others bisexual. 


faced with mutually exclusive alternatives 
at all, and that the mystery is partly 
created by a tendency to confuse evolution 
as a process in populations with the origin 
of taxonomic categories — a tendency to 
which Darwin himself contributed. There 
is no real reason to suppose that we are 
justified in drawing any such clear-cut 
line as the “ threshold of angiospermy ”’ 
indicated in Figs. 1 and 2, except 
purely arbitrarily for taxonomic purposes. 
Rather must we suppose that over a 
period of time progressive changes accu- 
mulated in the lineage so that at one 
period there were plants not classifiable 
as angiosperms since they did not possess 
the major characteristics we attribute to 
this group, whilst later there were. Those 
in the intervening period would be un- 
classifiable, not because of any deficiency 
in the plants themselves, but simply 
because Linnean-style taxonomy fails in 
application to an evolving lineage when- 
ever the time dimension is introduced. 
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In this light, polemics about the 
sexuality of primitive flowers cease to 
have any great significance. The charac- 
teristics which in sum we regard as 
angiospermic were probably moulded by 
selective forces through a mosaic of partly 
isolated plant populations at some period 
during the Mesozoic era, and it may have 
been that all aspects of floral organization 
were then more or less fluid, including 
such comparatively secondary matters as 
the distribution of the two types of sporo- 
phyll. We may suppose that, progres- 
sively, various successful trends became 
established and combined in different 
populations according to the facility of 
interbreeding permitted by spatial or 
genetical barriers. As fragmentation of 
the original population-reticulum pro- 
gressed, so there would emerge breeding 
units bearing the potentialities of ultimate 
development, in the course of ages, to a 
status which we would accept as justifying 
familial rank taxonomically. Amongst 
them would be distributed in different 
combinations some features which had 
already become well defined and broadly 
established, and others, like the distri- 
bution and numbers of floral parts, still 
variable even between individuals of the 
same breeding population. With further 
fragmentation and under various kinds of 
selective pressure these, too, might tend 
to become established in particular pat- 
terns in different lineages. This con- 
ception of the early evolution of the 
flowering plants, here presented merely in 
sketch form, owes much to the ideas of 
population genetics and genecology. It 
invites us not to think in terms of mono- 
phylety and polyphylety as clear-cut 
antitheses in relation to the angiosperms; 
perhaps the most expressive term we can 
apply to the group is to say that it is 
pachyphyletic. 

Turning from the phylogenetical to the 
morphological problem, it seems that I 
have to justify my assertion that more 
than one type of unisexual flower exists 
among modern flowering plants. In 
seeking to illustrate this point I quoted a 
number of Englerian orders in which it 
seemed to me that unisexuality of the 
flower, where it occurred, was a com- 
paratively superficial variation, and others 
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in which it had more the appearance of a 
basic attribute of the flower. The order 
is rather a large taxon to make generaliza- 
tions about, and Parkin has shown that 
mine were not applicable in detail through- 
out those I quoted of the second class. 
But that he has had to “scrape the 
bucket ” to find examples to refute me 
shows that the broad distinction was not 
outrageously wrong. 

In naming the orders I did as having 
basically unisexual flowers, I suggested 
that in them regularly hermaphrodite 
species are either quite unknown or rare. 
Of this comment, Parkin writes — “‘ The 
occurrence, however rare, of a herma- 
phrodite species surely rules out the order 
as having been unisexual from the begin- 
ning, unless one imagines a kind of freak 
mutation.” This is a surprising line of 
argument, for one could equally well state 
that the existence of a species with 
basically unisexual flowers surely rules 
out an order as having been hermaphrodite 
from the beginning. However, apart 
from this lapse of logic, the suggestion that 
a freak mutation would be required to 
produce the bisexual condition from the 
unisexual requires examination. Parkin 
(1952) has already advanced this type of 
criticism in commenting upon Sporne’s 
conclusions concerning the primitive 
nature of the unisexual flower. Having 
asked how a bisexual flower could have 
been derived from a unisexual one, he 
writes — ‘shall we imagine a saltation 
which resulted in the female flower taking 
a leap as it were and landing on the top 
of the male and shedding its perianth 
members in the process?” Whilst this 
was no doubt jokingly written, it appears 
to embody so naive a view of the onto- 
genetical processes involved in flowering 
and how they may undergo modification, 
not only as the outcome of genetical 
variation, but also as a result of physio- 
logical change in the individual, that it 
demands some comment. 

During the process of flowering, a 
growing apex produces in succession 
lateral members some of which differen- 
tiate into the floral envelopes and others 
into sporophylls. The morphogenetic path 
adopted by each member during its growth 
depends essentially upon two factors: the 
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environment in which the primordium| 
develops (and this embraces the in-| 
fluences, nutritional and hormonal, tal 
which it is exposed by virtue of its positio 1 
on the axis), and the genetical potentia- 
lities of the cells from which it arises;} 
The latter, dependent upon gene com:| 
plexes established throughout the whole| 
preceding evolution of the species, deter-| 
mine the paths of ontogeny available,| 
whilst the former decide which path shall] 
be selected in any particular instance! 
During normal development in a bisexual} 
flower, the lower group of sporophylls| 
differentiate as stamens, the upper as 
carpels. The regulation of the transition] 
is not always perfect, and intermediate 
structures are occasionally formed. It 
can, in fact, be modified experimentally 
so that only one type of functional sporo-| 
phyll is produced in the flower. In a 
species with unisexual flowers, this is} 
habitually the case, since the conditions} 
at any one differentiating apex call fort 
only one of the two possible developmental] 
processes. But once again, the condi-| 
tions can be modified experimentally and] 
the ‘sex’ of the flower so altered, either 
to produce intersexual structures midi 
way between stamens and carpels, or tal 
bring about complete sex inversion. With} 
monoecious species, the sex of any parti] 
cular flower is established by its location! 
in relation to the determining nutritional} 
and hormonal gradients throughout the 
plant, just as with the bisexual flower 
the sex of any one sporophyll is established 
by gradients in the floral axis. 

Now, in considering how the change! 
from a condition of unisexuality in a flower 
to one of bisexuality, or vice versa, ca 
take place, we should not be thinking of 
how fully formed structures leap from 
flower to flower in freak mutations, but 
how different sorts of gradients of deter- 
minants come to be established along flora 
axes so that sometimes one and sometimes: 
both types of sporophyll differentiate. In 
Fig. 3 this conception is illustrated in a 
simplified manner assuming a single deter 
minant. In A and B, we see how uni- 
sexuality may be established by th 
existence in the neighbourhood of dif- 
ferentiating primordia of widely different 
levels of the determinant, and in C, how 
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Fic. 3 — The control of flower sexuality, assuming that the differentiation of sporophylis is 
governed by a gradient along the floral axis of a determinant which at one level induces the develop- 


ment of stamens and at another of carpels. 


A, the flower is entirely staminate ; 


B, entirely car- 


pellate, and at C, it has basal stamens and apical carpels. 


bisexuality, with apical carpels and basal 
stamens, may arise through a modification 
of the determining gradient so that it 
crosses the threshold from the level select- 
ing the developmental path leading to one 
form of appendage to that selecting the 
alternative. This type of interpretation 
rests upon a not inconsiderable experi- 
mental basis, which I reviewed in some 
detail in the paper of which the prefatory 
remarks have been criticized. 

It leads me, in conclusion, to state quite 
clearly why I regard it as important to 
appreciate that not all unisexual flowers 
are of the same character, and that, to 
repeat the original wording, we can re- 
cognize two extreme conditions in the 
variation range. The reason is not pri- 
marily due to any particular phylogene- 
tical convictions, nor indeed to adhesion 
to any special school of morphological 
thought; it is based rather upon the results 
of experiment. In some flowers ( of which 
those of the Caryophyllaceae may be taken 
as examples ) there is a sort of equilibrium 
between two sites along the floral axis, 
the basal one of which isnormally occupied 
by the androecium and the apical by the 
gynoecium. The effect of genetical segre- 
gation in diclinous species and of abnormal 
photoperiodic or auxin treatment in 
certain monoclinous ones is to alter the 
balance between the development of 
organs at these two sites, suppressing one 
group and promoting the other without 


radical alteration in the structural organi- 
zation of the flower. 

In other flowers which I have termed 
basically unisexual (those of Salix are 
good examples ), it is not a question of 
equilibrium between two sites at which 
different types of essential organs may be 
formed. The effect of treatments pro- 
voking sex change in these flowers is not 
to stimulate the appearance of a gynoecium 
in male flowers and an androecium in 
female ones so as to produce herma- 
phrodites, but to divert the development 
of one and the same set of appendages in the 
flower, so that what would otherwise have 
been stamens are partly or wholly meta- 
morphosed into carpels, or vice versa. 
Accompanying change of sex, there may 
be radical modification also in the floral 
envelopes; the whole flower thus changes 
as a unit. 

The evidence of developmental phy- 
siology, then, certainly indicates that 
there is a substantial difference between 
the flower unisexuality of, for example, 
Melandrium and Salix. Such a statement 
in itself makes no phylogenetical asser- 
tions. But it is worth noting that if any 
conclusion of evolutionary significance 
were to be drawn from the observations 
just described, it could well be that in the 
hermaphrodite pattern and unisexual 
flowers derived directly from it a stabilized 
and precise form of determination has 
become established along the individual 
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floral axis, whilst in the basically unisexual 
type of flower, a mechanism allowing the 
degree of developmental regulation needed 
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to establish such clear-cut determination| 
along a single abbreviated axis is yet to be 
evolved. 
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Introduction 


Fern sporophyte development may be 
divided into three stages, although these 
are obviously continuous: 

1. Early development, or embryology 
in the classical sense, which covers 
the initial cleavage stages, up to the 
establishment of organ primordia; 

2. The period of changing develop- 
mental pattern which comprises the 
sporeling stages during which the 
plant “ metamorphoses ” to matu- 
rity; 

3. The stage of repetitive development 
which follows after the attainment 
of adult structure. During this final 
stage, new organs and magnitude are 
added, and ultimately reproductive 
maturity is attained, but the basic 
morphology remains unaltered. 

In the main, this study of the Bracken 

Fern covers stage two of the plant’s onto- 
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geny, from the first visible appearance of! 
the sporeling on the gametophyte up t 
the adult form. Particular attention wil 
be given to the vascular system, since thi 
is most striking in Pteridium. Whethe 
development is considered from th 
descriptive or the experimental point o 
view, the complex fern types must b 
included in any valid interpretation o 
plant growth and any formulation of stela 
and ontogenetic concepts. Pteridium re 
presents just such a challenge, and thi 
study is an attempt to place it in proper 
perspective, ontogenetically and morpho 
genetically. 

The unique morphology of the adul 
Bracken Fern has provided the back 
ground for an impressive body of litera+ 
ture. Using the terminology coined by, 
Watt ( 1940 ) and redefined by Webster & 
Steeves ( 1958 ), Pteridium may be describ+ 
ed as possessing a sclerotic, deeply sub+ 
terranean, dorsiventral rhizome system in 
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which leafless main axes (long shoots ) 
bear alternate, specialized lateral axes 
(short shoots) upon which the large, 
deltoid bracken leaves arise regularly. 
Webster & Steeves (1958) present a de- 
tailed analysis of this long shoot-short 
shoot system. Suffice it here to show how 
this anomalous adult structure arises out 
of a sporeling shoot habit which is essen- 
tially upright, bearing leaves in an 
alternate succession. 

There are descriptions of varying detail 
and accuracy of the Pteridium sporeling 
( Hofmeister, 1851 and 1857; Leclerc du 
Sablon, 1890; Jeffrey, 1899 and 1902), 
but no one has yet prepared a careful 
tabulation of the successive stages and 
their exact timing, information which is of 
great general interest and quite essential 
to the experimental work on this plant 
to be reported later. Consequently, a 
detailed study of sporeling morphology 
has been carried out and will be reported 
here. 


Materials and Methods 


If reasonable care is exercised to prevent 
contamination of pots by foreign spores, 
fungal mycelia, and moss protonemata, 
pure prothallial cultures of most ferns are 
easy to procure and raise. All the 
Pteridium spores used during this work 
were collected in the summer of 1955 from 
fruiting fronds of a pure stand of Pteri- 
dium aquilinum (L.) Kuhn located on 
Hemlock Hill in the Arnold Arboretum, 
Jamaica Plain, Massachusetts. Fresh 
fronds were laid out on clean sheets of 
herbarium paper and placed in closed 
cabinets to dry and shed. In one or two 
days the fronds hadshedspores abundantly ; 
this stock supply was stored in corked 
vials in the refrigerator for use as needed. 

Orth (1936) presents an excellent 
review of the culture and growth of fern 
gametophytes, and Schwabe (19515) has 
described his procedure for raising Pteri- 
dium gametophytes on soil. The method 
to be outlined below differs in detail from 
those previously described and was de- 
signed specifically to yield uniform sporo- 
phyte material. Clay pots, a foot in dia- 
meter and six inches deep, were cleaned, 


soaked, and then filled with a rich soil, 
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mixture containing equal parts of sand, 
loam, and leaf mold, carefully sieved to 
remove pebbles. The pots were covered 
with wrapping paper and autoclaved at 
15 lb pressure for five minutes. Prolonged 
autoclaving destroys the capillary proper- 
ties of soil, but a five minute exposure 
was found quite harmless and served to 
kill the surface spores of fungi and mos- 
ses which would otherwise have choked 
out the relatively slower growing fern 
germlings. 

After the pots had cooled to room 
temperature, spores were sown as evenly 
as possible by dipping a clean camel’s 
hair brush into the stock vial and then 
tapping the brush lightly over the pot 
to disseminate the spores. Thin, medium, 
and thick cultures were grown, but density 
did not appear critical except that cultures 
of extreme sparcity gave poor sporophyte 
yields and very thick cultures produced so 
many that the diploids became hoplessly 
entangled. Steeves, Sussex & Partanen 
(1955) reported marked differences be- 
tween soil grown and agar cultured game- 
tophytes of bracken. In agar culture, 
crowding appears to be a more critical 
factor. 

Soil cultures were most easily main- 
tained when covered with a sheet of 
alcohol-swabbed polyethylene and watered 
from below continuously. Polyethylene 
apparently cuts down evaporation of 
water without seriously interfering with 
the passage of carbon dioxide and oxygen, 
and hence makes an ideal synthetic green- 
house for the plants. The pots were kept 
in an ordinary laboratory room illuminated 
by indirect daylight and a 60-watt tung- 
sten bulb placed about one and a half 
feet above the surface of the polyethylene. 
About two months after the initial sowing 
an ample crop of uniform sporelings was 
obtained (Fig. 1). This time may be 
shortened somewhat by sprinkling the 
cultures from above at about one: month 
to enhance fertilization. No special pre- 
cautions need be taken against fungal 
contamination once the prothalli are 
established, but the plastic cover was used 
in the later stages to maintain a high 
humidity. Water condensing on the inner 
face of the polyethylene and falling back 
on the prothalli undoubtedly plays a major 
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role in promoting fertilization. When the 
sporelings had produced two leaves, they 
were gradually conditioned to ordinary 
room humidity by removing the poly- 
ethylene cover for successively longer 
periods each day for about two weeks and 
then transplanted to flats in the green- 
house for better spacing and more vigorous 
development. The prothallus stops grow- 
ing as soon as the first leaf appears. Soon 
it becomes chlorotic, and by the time the 
sporeling has produced three to four 
leaves, the gametophyte tissue has wither- 
ed away. According to Albaum (1938) 
this is because materials formerly used by 
the apex of the prothallus are now trans- 
ported to the primary leaf, the new, 
important synthetic centre. Only rarely 
(when two eggs are fertilized simul- 
taneously ) do multiple sporophytes arise 
on one gametophyte, the auxin produced 
by the first sporophyte ordinarily inhi- 
biting any others (Albaum, 1938). 
Albaum worked with gametophytes of 
Pteris longifolia, but Pteridium, too, 
typically produces one sporeling per 
gametophyte. 


Observations 


1. THE UPRIGHT STAGE — For con- 
venience, sporeling development in Pferi- 
dium may be considered in three phases. 
The upright stage is the first of these, 
describing the shoot system in plants up 
to about the eighth leaf stage’. During 


1. Age of very young sporelings will be given 
as leaf stage, rather than absolute time. The 
exact plastochrone (time interval between the 
appearance of successive leaves) varies some- 
what from plant to plant and is governed by the 
degree of crowding in the cultures. Since each 
of the early leaves is morphologically distinct, 
foliar stage makes a very convenient age scale. 
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this interval, the stem grows vertically 
upward, undergoes a conical expansion 
in size (Fig. 2), and produces leaves 
alternately right and left (each 180° 
around the stem from the others, or 
phyllotactic fraction equal to 1/2). These 
early leaves increase in size and complexity 
from the base of the stem upward. The 
primary leaf has two pinnae, the second has 
three pinnae, and so on to the dissected, 
feathery type of frond so common in the 
Filicineae. Fig. 3 illustrates the typical 
appearance of the first five sporeling leaves 
in Pteridium. 

The first leaf and root of the sporeling 
emerge virtually simultaneously from the 
under side of the prothallus and are 
distinct long before any stem apex is 
visible. While this first leaf and root are 
extending, the sporeling shoot apex takes 
form, the axis elongates, and the sporeling 
is soon removed from the gametophyte on 
a short stem. It is interesting that in fern 
embryology the apices of the first root and 
leaf are set apart from the embryonic mass 
itself, and are not produced directly by 
the shoot apex ( Bower, 1923). In fact, 
the stem apex is constituted from em- 
bryonic cells at the junction of the already 
emergent leaf and root. There are two 
other notable features of the primary leaf 
of Pteridium. First, it is bipinnate, with a 
variable number of secondary flutings 
along the edges of each pinna, indicating 
that most meristematic activity in the 
developing primordium is marginal. 
Finally, the rachis of the first leaf is not 
arched. It is apparently flat and broad 
as it emerges from the prothallus. All 
subsequent leaves have their inception 
along the flanks of the shoot apex, have 
three or more pinnae ( showing increasing 
degrees of apical activity ) and an arching 
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Fics. 1-6 — Fig. 1. Gametophytes and young sporophytes of Pteridiwm two months after 


sowing spores in pots in the laboratory. x 0:16. é 
stage, stained and cleared to show the conical expansion of the stele. x 9. 
The first five sporeling leaves are pictured respectively from left 


leaf development in Pteridium. 
to right. 


Note the succession from bipinnate to more complex. 


Fig. 2. Pteridium stem of an advanced upright 
Fig. 3. Heteroblastic 


Fig. 4. Close up of an eight leaf 


Pteridium sporeling illustrating the upright growth habit and the increasing size and complexity 
of the leaves. Fig. 5. Rhizome separation following forking of the apex in Pteridium. Leaf number 
eight has been bent down to give a clearer view of the two rhizomes. x 2:5. Fig. 6. A cleared one- 
rhizome sporeling of Pteridium showing the arching of the shoot apex to establish the creeping 
habit. x 9. 
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stage preceding final expansion of the 
blade. Webster (1957) says that the 
Pteridium leaf is never really circinate; the 
crozier stage so typical of most ferns is 
only simulated in bracken by an arching 
of the rachis. The degree of pinnation 
and average plastochrone in well spaced 
sporelings are recorded in Table 1. 

About a week after the appearance of 
the first leaf, it is fully extended to a 
height of about one cm, and a second leaf 
is seen as a small, hooked structure at the 
soil level. This leaf typically has three 
pinnae when uncoiled. Between leaves 
two and three there is a considerable 
time gap during which the stem increases 
in length and diameter. Leaves three 
to seven appear in rapid succession, 
are of a higher order of pinnation, and 
take increasingly longer to uncoil and 
expand. Leaves seven and eight, the last 
to be produced on the upright axis, form 
at right angles to the preceding six. This 
is believed to be-the result of a broadening 
of the apical mound and the setting off of 
rhizome apices at this stage. Further 
discussion will be left to a subsequent 
paper. When seven or eight leaves have 
been produced, at approximately two 
months old under our conditions, the 
leaves average four cm in height, and the 
stem measures about 4-3 mm in length and 


TABLE 1—HETEROBLASTIC LEAF 
DEVELOPMENT IN PTERIDIUM 


AQUILINUM* 
LEAF TIME INTER- PINNAE HEIGHT OF 
No. VAL FROM No. FROND FROM 
LAST PRO- BASE OF 
DUCED LEAF RACHIS TO 
( PLASTO- TIP OF LEAF, 
CHRONIC cm 
INTERVAL )§ 
days 
1 — 2 1:0 
2 8 3 20 
3 12 5 2:2 
4 10 2 2°8 
5 8 11 33 
6 8 15 3:5 
7 8 15 3-8 
8 8 19 40 


*Data averaged from 100 soil grown specimens. 
§Measured from earliest detectable primordia. 


ee ee i IE 


PHYTOMORPHOLOGY 


is quite conical, with a large, flat growing} 


point. This “completes” the first o | 
upright phase of sporeling development} 
( Fig. 4).- | 


| 
| 
leaves has been the object of some interestil 
Wetmore (1953, 1954) demonstrated,| 
with in vitro cultures, that apices of Todeal 
and other ferns grown on extremely low 
concentrations of sugar (0-1 per cent }| 
produced twenty or more two-lobed leaves.} 
On 2 per cent sucrose the sequence was 
the same as that on soil, and at inter) 
mediate concentrations he obtained inter-! 
mediate results. Leaf shape is determine 4 
by meristematic activity along the flanks} 
and at the apex of the primordium. Wet} 
more postulates that a rather delicate 
carbohydrate threshold must be reached} 
before apical activity is triggered. The} 
first leaf, having no food reserve with} 
which to reach this minimum, becomes} 
two-lobed, meristematic activity being} 
restricted primarily to the margins. The 
first leaf may add enough photosynthate} 


The heteroblastic development of fer 


and become typically three-lobed. Thus a} 
direct relation appears to exist between! 
the concentration of sugar available to the 
plant and the degree of apical activity 
in the leaves. | 
Allsopp (1953), on Marsilea drum‘| 
mondit, demonstrated a _ reversion tal 
juvenile bifids and ultimately simple 
leaves by subjecting normal plants with} 
quadrifid leaves to conditions of carbo, 
hydrate starvation. Pteridium sporelings} 
if very crowded and shaded on soil, may 
produce two or three bipinnate leaves 
before a tripinnate one appears, and plants! 
starved 7 vitro ( one leaf only left on the 
plant, no sugar in the medium, and weak 
illumination ) revert quickly to the pro 
duction of small, relatively simple leaves! 
It appears, however, that there is not a 
simple relation between leaf complexit 
and available carbohydrate, because, as 
Allsopp (1953) points out, sporelings of 
Marsilea show heteroblastic foliar develop 
ment (increasing complexity to the adul 
form ) even when raised on solutions con 
taining high sucrose concentrations, 
Thus, a dependence on apical size appears 
Large, many lobed leaves ar 
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produced only on large growing points, 
from large primordia, and through slow 
development (Allsopp, 1953). All this 
supports the original hypothesis of Goebel 
( 1898, 1908 and 1928 ), modified by Troll 
( 1937), and Crotty (1955) that juvenile 
leaves are arrested structures whose 
growth is limited by the nutritional de- 
ficiencies of the small, young plants, by 
the small size of the shoot apical meristem, 
and by their relatively precocious matu- 
ration. 

2. THE TRANSITIONAL STAGE — After 
seven or eight leaves have been produced 
on the vertical sporeling axis, a bifurcation 
typically occurs, and two branches are 
established at right angles to the mother 
axis and at an angle of 180° to each other 
(Fig. 5). Leclerc du Sablon ( 1890 ) des- 
cribed this rhizome system as adventi- 
tious, being produced from a bud in the 
axil of a leaf. Hofmeister (1851) cor- 
rectly observed that the “‘ stem becomes 
forked by the division of its punctum 
vegetationts.’’ Apical division regularly 
preceding the establishment of a rhizome 
system is apparently unparalleled else- 
where in the vascular cryptogams, al- 
though instances of other peculiar reac- 
tions have been reported. Bower ( 1923 ) 
cites the sporeling of Polypodium vulgare, 
which is prone from the start. In this 
species the adult rhizome is not the result 
of continued growth in the original direc- 
tion; rather the stem arches “‘ backward 
over the prothallus in a strong hyponastic 
curve’. Phlebodium aureum, likewise a 
rhizomatous fern, with long internodes and 
large leaves, illustrates the more common 
method of changing from the upright to 
the adult, dorsiventral habit. There is a 
simple bending of the sporeling shoot 
through 90° until it lies parallel to the 
soil surface. 

The picture presented of the forking 
process in the eight-leaf Pieridium is the 
one which is typical for most sporelings. 
However, one-rhizome sporelings are ob- 
tained in approximately one out of forty 
plants through failure of the apex to 
dichotomize (Figs. 6 and 7). In these 
sporadic cases, the stem apex appears 
merely to bend over at right angles to its 
original vertical position and become the 
adult creeping shoot system. Its sub- 


GOTTLIEB — DEVELOPMENT OF BRACKEN FERN P. AQUILINUM 


189 


sequent development appears to be ident- 
ical with that of the usual forked types 
(Fig. 8), except that the appearance of 
short shoots is delayed. The dichotomy 
preceding rhizome formation thus is 
apparently not obligatory, making its 
typical occurrence even more enigmatic. 

Occasionally too (in approximately one 
out of thirty sporelings ), three rhizomes 
are produced (Fig. 9). These are not the 
result of two forkings in close succession, 
one by the vertical axis and then another 
by one of the rhizomes, but rather a 
simultaneous production of three new 
shoot systems by a trifurcation of the 
parent axis. 

3. THE RHIZOMATOUS STAGE — Once 
the direction of apical growth has shifted 
to the horizontal, the Pleridium sporeling 
is on its way toward characteristic adult 
morphology. However, the transition to 
the short shoot habit is still to be made.? 
The first two to ten leaves produced by 
the sporeling following rhizome establish- 
ment are borne directly on the new 
creeping rhizomes. In fact, the first 
indication that forking has occurred and 
rhizomes have been produced is the 
simultaneous appearance of two tiny leaf 
primordia, one on each of the new shoots 
(Fig. 10). During the upright stage, . 
of course, only one leaf appeared at a 
time; once dichotomy occurs, a leaf is 
produced directly by each new stem 
apex. 

The apices of the new shoots originally 
established at a 180° divergence, and 
clearly visible above the soil, soon bend 
downward, growing parallel to the juve- 
nile, upright part of the shoot system 
(Fig. 11). About two centimeters below 
the soil surface, the new rhizomes level 
out and resume their 180° divergence. 
The factors controlling this downward 
plunge are, as yet, obscure, but it appears 
to be in part a negative phototropism, the 
rhizomes starting out in the light above 
the level of the soil, and then levelling out 
once they are sufficiently beneath it. 
Several sporelings were successfully raised 
at fairly deep soil levels, so that the stem 


2. As described in the introduction, main axes 
of the adult Pteridium rhizome system are 
leafless, the foliar organs being borne on side 
branches or short shoots, 


Fiss, 712, 
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was never exposed to the light. After 
eight leaves had been produced, these 
plants merely forked and spread hori- 
zontally, omitting the plunge stage 
entirely. The hormonal distribution 
maintaining dorsiventrality is still to be 
investigated. 

No attempt will be made to draw up a 
time-table of leaf production after rhizome 
establishment, because there is tremendous 
variability in the plants; some begin short 
shoot .production almost immediately 
( after only one or two leaves are produced 
directly on the main stem ); others remain 
unchanged until ten or more leaves have 
been borne directly. One-rhizome sporel- 
ings are particularly sluggish in this respect 
and are the last to acquire the short shoot 
habit. Growth of the rhizomes is fairly 
rapid at this stage, with a maximum of 
ten cm produced in about a month. The 
leaves are now fairly sizable and feathery, 
measuring six to ten cm in height. Figs 
7, 8, and 9 illustrate the characteristic 
appearance of one-, two-, and three- 
rhizome sporelings at comparable ages. 

Some striking aspects of the gross 
rhizome morphology might well be inter- 
jected here. Soon aiter the creeping stems 
are distinct, they develop two longitudinal, 
parenchymatous ridges, slightly above the 
geometric centre of the stem (Fig. 11). 
Leaves, and then short shoots are borne 
at or slightly above these conspicuous 
wings, and most of the roots are developed 
below them. This is in striking contrast 
to the upright habit of the initial sporeling 
shoot both in appearance and orientation. 
The rhizomatous stem has a morphologi- 
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cally distinct upper and lower surface,? a 
corresponding arrangement of the vascular 
bundles ( to be dealt with in a subsequent 
paper ), and a prostrate growth habit. It 
might also be mentioned that all the roots 
in Pteridium are adventitious and have no 
constant relation to the leaves, even in the 
youngest sporelings. 

Morphological observations on adult 
Pteridium ( Hofmeister, 1851; Sachs, 1882; 
Klein, 1884; Smith, 1931; Webster, 1957 ) 
reveal that the bracken fronds develop 
slowly, many months, seasons, and years 
lapsing between leaf initiation and ex- 
pansion. This is not true of sporeling 
plants, in which two to five leaves may be 
borne directly on the rhizome in a few 
weeks. Even after short shoots have been 
established, these may produce as many 
as three leaves in a month. Growth 
of the bracken sporeling is generally faster 
than that of the adult, and this is not 
limited to greenhouse material. Braid & 
Conway (1943) grew two rhizomatous 
sporelings in a flat of rich soil for about 
six and a half months, from March to 
October. The two main long shoots grew 
about 135 cm and 70 cm respectively, in 
contrast to 10 to 17 cm estimated by 


3. Although Pteridium has often been cited 
as a classical example of a “‘ dorsiventral ’’ fern, 
the terms ‘‘upper’’ and “lower’’ are to be 
preferred in place of the confusing “ dorsal ” 
and ‘‘ ventral.’’ In this subterranean organ, 
then, the upper surface is defined as the small 
part of the stem on that side of the lateral ridges 
which is closest to the soil surface, and the lower 
surface is the larger fraction on that side of the 
ridges which is furthest from the surface of the 
soil. 
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Figs. 7-12 — Fig. 


7. One-(lower) and two-rhizome (upper) Pteridium sporelings of com- 


parable age, showing the greater vigor of the latter, already producing short shoots and large, tri- 


partite leaves. 
(lower ), 


rhizome and the rhizome itself with its later short shoots. 
lings, with leaves (upper) and without (lower ) 
may be detected in cultures of typical plants by the crowded 
leaves; three stems produce comparatively more fronds. 
first simultaneous appearance of two leaf primordia ( arrows ) 


iti ioht to the rhizomatous stage has been completed. \ 
wing des Note the prominent ridge (arrow) running laterally 


©. 12. Sporeling of Pteridium aquilinum collected in sandy soil at Plymouth, 
eo It i nota ee type; rather the right rhizome branched 


rhizomes growing downward into the soil. 
along the rhizome. 
Massachusetts on Sept. 15, 1956. 


Fig. 8. Typical two-rhizome Pteridium sporelings, with leaves ( upper ) and without 
to show respectiyely the appearance of the leaves borne initially directly on the main 


Fig. 9. Three-rhizome Pteridium spore- 


. to show how these anomalous triple stem types 


appearance of the early rhizome 
Compare with Fig. 8. Fig. 10. The 
in Pteridium indicates that the tran- 
Fig. 11. New Pteridium 


again shortly after being established. Note the short shoots and the leathery leaves. 
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Webster for the adult rhizome of var. 
latiusculum or 25 to 90 cm estimated by 
Watt for var. aquilinum. Braid and Con- 
way postulate that young sporophytes 
might easily be overlooked in the field 
unless abundant, because the first sporeling 
leaves are very tiny, and the plants grow 
to adulthood with extreme rapidity. 

At a variable time, as has been pointed 
out, the Pteridium rhizome begins pro- 
ducing side axes or its first ““ short shoots.”’ 
The first several are indeed short, never 
growing more than four or five mm in 
length, and associated with one or two 
leaves at the most. However, later short 
shoots may elongate considerably between 
leaves, reaching lengths of several cm, 
and as Webster & Steeves ( 1958) point 
out, are short only in comparison with the 
very much more extensive long shoots. 
For a review of the extensive literature 
dealing with the peculiar rhizome system 
of Pteridium, the reader is referred to 
Webster & Steeves (1958). The most 
recent interpretations distinguish between 
Jong and short shoots chiefly on the basis 
of their frondless and frond-bearing nature 
respectively. The short shoots are true 
stems which result from frequent, unequal, 
terminal branching of the long shoot or 
main axis. 

On sporeling rhizomes one or two cm 
long, producing short shoots, the first 
adult type, tripartite leaves are borne by 
precocious development of the basal 
pinnae. However, greenhouse _ raised 
sporelings never attain the coriaceous 
adult leaf texture or pinnule form, and 
even the largest specimens raised, with 
rhizomes several feet in length, had filmy, 
delicate leaves (see Fig. 8). In nature 
this is not the case, the leathery texture 
seeming to be an ecological character. 
The author is indebted to Dr. Barbara 
D. Webster for a Pteridium sporeling un- 
covered in a collection of adult material 
from Plymouth, Massachusetts. This is 
the only young plant found wild during 
this investigation and Fig. 12 illustrates 
the early transition to the adult leaf as 
described above. 

Another interesting aspect of greenhouse 
raised bracken is the regularity of its 
branching. Short shoots are produced at 
approximately 10 cm intervals on the 
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rhizome, and after bearing three or four 
leaves, each ordinarily changes into a long 
shoot. Greenhouse plants thus provide 
excellent material for the study of branch- 
ing, because, with careful observation, 
forkings can be predicted with fair 
accuracy (Fig. 13). In plants collected 
in nature, as Hofmeister (1851) said, 
“ The distances between two furcations 
are very unequal, and manifestly de- 
pendent upon the amount of nourishment | 
being greater or less.” 

Up to now, no attempt has been made 
to draw a line between sporeling and adult. 
It is obvious that in a continuous develop- 
mental process, any division into stages 
must be arbitrary and is made solely for 
convenience of reference. There are 
several criteria which may be used to 
signify the attainment of adulthood. The 
first of these is reproductive maturity. 
In fern sporophytes this would mean 
sporulation. However, Phlebodium au- 
reum frequently sporulates while its leaves | 
are but three-lobed and distinctly juve- 
nile, and Pteridium plants with mature 
morphology and anatomy, but shade | 
grown out of doors, may remain sterile. | 
Furthermore, Sussex et al. (1957) have 
succeeded in inducing sorus formation in 
isolated sporeling leaves of Todea barbara | 
grown on a high concentration of sugar 
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Fic. 13 — A segment of a Pteridium spore- | 
ling raised in the greenhouse. Note the piece of 
the ofiginal long shoot (1.s.1.) and the short | 
shoot (s.s.) on it which bore three leaves and 
then changed into a long shoot (1.s.1. ). 
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in vitro. Adult morphology and growth 
habit is another criterion. But Pteridium 
reaches the short shoot-long shoot pattern 
long before its leaf and internal vascular 
anatomy may be designated “ adult ”. 
Consequently, plants will be considered 
sporelings up to the attainment of the 
typical internal anatomy characterizing 
the species, and adults once this is achiev- 
ed. The anatomical changes which corre- 
late with the external ones just described 
will be the subject of a subsequent paper. 


Summary 


This study deals with the changing 
morphology of the Pteridium sporeling. 
Three stages of early development are 
recognized: 

1. The upright stage, which encom- 
passes the formation of the first eight 
leaves and during which the stem 
grows vertically upward, expands 
conically in size, and produces leaves 
alternately right and left around the 
stem ( phyllotactic fraction equal to 
1/2). The heteroblastic development 
of these early leaves is also described 
and discussed in detail. 

2. The transitional stage in which the 
upright stem typically dichotomizes 
and produces two separate branches 
or rhizomes. Failure to fork results 
in rare one-rhizome sporelings and 
trichotomy of the shoot apex occa- 
sionally gives rise to three-rhizome 
plants. 

3. The rhizomatous stage during which 
the “ dorsiventral ” rhizomatous or 
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prostrate growth habit becomes es- 
tablished and the ultimate transition 
to adult morphology is made. During 
this stage, the creeping stem, or long 
shoot, gradually loses the ability to 
produce leaf primordia and the foliar 
organs are borne exclusively on side 
branches or short shoots (the result 
of unequal branching by the long 
shoot ). 

The contrast between the upright and 
rhizomatous stages is emphasized, and an 
exact time-table of these early develop- 
ments is presented. All sporeling material 
was raised in flats in the greenhouse and 
was predictably regular in growth rate 
and branching. Although adult shoot 
morphology is reached relatively early in 
sporeling ontogeny, plants are to be 
considered sporelings until typical internal 
anatomy is achieved as well. 

I wish to thank Professor Taylor A. 
Steeves for his inspiring guidance of this 
work and his help in the preparation of the 
manuscript. My gratitude is also ex- 
tended to Professor Ralph H. Wetmore : 
for the use of his efficiently organized 
laboratory and his critical reading of the 
manuscript. This work was made finan- 
cially possible by generous scholarships 
from Radcliffe College and a Mary 
Andersen fellowship from the American 
Association of University Women. I am 
proudly indebted for both. This paper is 
based upon part of a thesis submitted to 
the Department of Biology of Radcliffe 
College in partial fulfilment of the require- 
ments for the degree of Doctor of 
Philosophy. 
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SOME FURTHER OBSERVATIONS ON THE ENDOSPERM 
HAUSTORIA IN THE CUCURBITACEAE 


R. N. CHOPRA & SAROJ AGARWAL 
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During the last five years, several publi- 
cations have appeared on the endosperm 
of the Cucurbitaceae in which special em- 
phasis has been laid on the structure of the 
chalazal haustorium (see Chopra, 1953a, 
b, 1954, 1955; Weiling & Schagen, 1955; 
Schagen, 1956; Singh, 1955, 1957; Johri 
& Roy Chowdhury, 1957). This is coeno- 
cytic in some members but becomes 
cellular in others. As the activity of 
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the haustorium declines, the peripheral! 
cells in the lower portion of the cellular 
endosperm often bulge out prominently) 
and seem to serve as ‘ secondary haus-, 
toria ’. 

The present paper deals with the deve- 
lopment of the endosperm haustoria in! 
Benincasa cerifera Savi, Cucumis melo var. 
utilissimus Roxb., Luffa aegyptiaca Mill. 
and Melothria heterophylla Cogn. 
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Except Melothria‘, all the other plants 
were grown in the Delhi University Bota- 
nical Garden, and collections were made 
from May to September 1957. The mate- 
rial was fixed in formalin-acetic-alcohol 
and processed in the usual way. Sections 
were cut at a thickness of 15-204 and 
stained in Iron-haematoxylin. The en- 
dosperms were also dissected in entirety 
and mounted in a mixture of acetocarmine 
and glycerine jelly. 


Observations 


A large number of endosperm nuclei are 
formed before the division of the zygote 
(Fig. 1) and they become distributed in 
the peripheral lining of the cytoplasm. In 
one abnormal embrvo sac of Benincasa 
the zygote had already divided but the 
embryo sac contained only four large 
multinucleolate endosperm nuclei ( Fig. 
2). During further free nuclear divisions 
the embryo sac enlarges considerably, and 
at the chalazal end there is a conspicuous 
tubular extension which functions as a 
haustorium. The growth of this exten- 
sion is very rapid in Cucumis, and it 
attains a length 5 to 6 times that of the 
upper broader portion ( Fig. 18), reaching 
almost to the base of the ovule. In Benin- 
casa (Fig. 3) and Luffa (Fig. 30) the 
growth is not so pronounced, so that the 
haustorium is only a little more than twice 
the length of the upper part. In marked con- 
trast to the above, the embryo sac of Melo- 
thria does not show any chalazal extension. 

As reported earlier by one of us ( Chopra, 
1955), wall formation in the endosperm 


1. We are grateful to Mr Virendra Kumar, 
Lecturer in Botany, Delhi College, for kindly 
collecting the material from Simla and passing 
it on to us. 
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commences at the micropylar end. It 
gradually extends downward (Fig. 4) 
and towards the centre until the upper 
broader part of the embryo sac becomes 
completely cellular, while the chalazal 
haustorium remains coenocytic ( Figs. 5, 
19, 31). In some preparations of Cucu- 
mis ( Fig. 21) and Benincasa ( Figs. 8, 9) 
a broad free nuclear portion was observed 
to persist at the junction of the cellular 
endosperm and the haustorium. In Melo- 
thria, which lacks the chalazal extension, 
the whole of the embryo sac becomes 
filled with cellular endosperm. Subse- 
quently, at the base of the endosperm 
there is an inconspicuous protuberance 
consisting of smaller uninucleate cells with 
relatively denser contents ( Figs. 34-36 ). 

To begin with, the width of the cellular 
endosperm is more or less uniform, but 
later due to the division of the cells and 
their enlargement it becomes much broader 
at the base. In the micropylar region the 
cells remain relatively smaller and show 
denser contents. 

The haustorium is usually median, but 
in Benincasa it is sometimes placed some- 
what laterally (Fig. 7). In Benincasa 
and Luffa the tip of the haustorium is 
rounded ( Figs. 4, 5, 31). In Cucumis it 
later becomes appreciably dilated and may 
even become lobed ( see Figs. 18, 24-29 ). 
The haustorium generally contains dense 
cytoplasm and many free nuclei. The 
nuclei are at first distributed uniformly, 
but subsequently, due to migration, their 
number increases in the apical portion 
( Figs. 4, 5, 6, 18, 22, 23). Occasionally, 
the nuclei may aggregate in groups of 2-15 
( Figs. 8, 9, 13). A comparison of the di- 
mensions of the haustorium at the globular 
stage of the proembryo, and the number 
and sizes of nuclei is given in Table 1. 


——— nn — 


TABLE 1 
NAME OF PLANT HAUSTORIUM 
GE Ss : ù 
Length Breadth Number of Size of Remarks 
in u in u nuclei nuclei in u 
Benincasa 270-1170 72-144 14-45 8-35 Usually cellular, some- 
times coenocytic 
Cucumis 1170-3006 36-72 30-80 8-16 Coenocytic 
Luffa 360-990 36-90 5-20 6-10 Coenocytic | 
Melothria x x x x Haustorium rudimentary 
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Fics. 18-29 — Cucumis melo var. utilissimus; all figures are from whole mounts, and Figs. 
18, 19, 21, 22, 24-29 are outline diagrams. (bb, bulbous base; ce, cellular endosperm). Fig. 18. 
Free nuciear endosperm with chalazal haustorium at pre-globular stage of proembryo. Fig. 19. 
Cellular endosperm with a coenocytic haustorium; note the dilated tip. Fig. 20. Part E in pre- 
ceding figure showing hypertrophied peripheral cells. Fig. 21. Lower portion of cellular endo- 
sperm with the haustorium; at the junction of the two there is a free nuclear bulbous portion. 
Fig. 22. Same as Fig. 19, but later stage. Fig. 23. Apical portion marked F. Figs. 24-29. Tips 
of haustoria. 


— 


Fics. 1-17 — Benincasa cerifera; all figures from whole mounts. (ce, cellular endosperm; 
z, zygote). Fig. 1. Embryo sac with zygote and free endosperm nuclei; the upper part of the 
gametophyte was injured during dissection. Fig. 2. Abnormal embryo sac showing four endo- 
sperm nuclei and a 2-celled proembryo. Fig. 3. Free nuclear endosperm and bicelled proembryo; 
the lower end of the embryo sac has elongated into a tubular process. Figs. 4, 5. Advanced 
stages of endosperm ( diagrammatic ); wall formation has taken place only in the upper half (ce) 
in Fig. 4, while in Fig. 5 the entire upper portion has become cellular. Fig. 6. Apical portion of 
the haustorium, marked A in Fig. 5. Fig. 7. Lower portion of endosperm with a somewhat laterally 
placed haustorium (diagrammatic ). Fig. 8. Endosperm at the late heart-shaped stage of embryo 
(diagrammatic ). Fig. 9. Part of cellular endosperm and haustorium, marked 8; note the nuclear 
aggregations in the latter. Figs. 10, 12. Outline diagrams of two endosperms. Figs. 11, 13. 
Haustoria marked C and D in preceding figures showing cell formation. Figs. 14, 15. Hypertrophied 
nuclei from the central portion of cellular endosperm. Figs. 16, 17. Nuclei from the peripheral 
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At times the nuclei in the haustorium 
of Benincasa show 3-9 nucleoli ( Fig. 6 ). 
Since there is also a corresponding in- 
crease in the size of the nuclei, this may 
indicate polyploidy. The size of the 
nuclei in the haustorium is quite vari- 
able, those occurring singly are usually 
larger than the ones lying in groups ( Figs. 
6,13); 

In po and Luffa the haustorium 
remains permanently coenocytic ( Figs. 
22, 32). In Benincasa it sometimes re- 
mains free nuclear ( Figs. 8, 9 ), but usually 
wall formation sets in at the proximal end 
and proceeds downward to varying lengths 
( Figs. 10-13). The multinucleate cham- 
bers formed in this way may persist as 
such or further wall formation may re- 
sult in uninucleate cells. Wall formation 


Fics. 30-33 — Luffa aegyptiaca. 


(ce, cellular 
endosperm; dh, degenerated remnants of the 
haustorium; all figures except 33 are diagram- 
matic ). Fig. 30. Free nuclear endosperm with 
a chalazal prolongation of the embryo sac. 
Fig. 31. Cellular endosperm with the haust- 
orium. Fig. 32. Advanced stage of endosperm, 
the haustorium has degenerated but the peri- 
pheral cells show ptominent bulging all along 
the base. Fig. 33. Portion G from preceding 
figure enlarged to show hypertrophied cells. 
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Fics. 34-42 —- Melothria heterophylla. Figs. 
34, 35. Cellular endosperms with a rudimentary 


haustorium (diagrammatic). Fig. 36. Portion 
marked H in previous figure. Figs. 37-39. 
Nuclei from the central part of cellular endo- 
sperm. Figs. 40-42. Same, from the peripheral 
portion. | 


usually commences in the haustorium at 
the late globular stage of the embryo and 
is completed by the heart-shaped stage. 

The haustorium is most vigorous during: 
early stages of embryogeny, but after the 
heart-shaped stage its activity gradually 
declines. Its contents disorganize and 
due to the downward growth of the cellu- 
lar endosperm the haustorium becomes 
coiled and finally collapses. When the 
haustorium is cellular it persists for a 
longer period, but is eventually digested 
by the embryo along with the rest of the 
endosperm. 

With the decline in the activity of the 
haustorium, the peripheral cells in the 
basal region of the cellular endosperm 
bulge out prominently ( Figs. 19, 20) and 
often show two or three nuclei. In Luffa 
the bulging cells also undergo divisions 
resulting in conspicuous mounds compris- 
ing richly protoplasmic cells with hyper- 
trophied multinucleolate nuclei ( Figs. 
32, 33). Such mounds appear to he well 
adapted for absorption and could be 
termed ‘secondary haustoria’ (see page 
194). Melothria is an exception since it 
lacks all the above features. 

After the heart-shaped stage of the em- 
bryo, the cellular endosperm increases 
enormously at the expense of the adjacent 
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ENDOSPERMS OF SOME REPRESENTATIVE SPECIES 


Fic. 43 — Diagrammatic representation of the endosperms of some members of the Cucur- 


bitaceae at the globular stage of the proembryo. 
drawn uniformly irrespective of its actual dimensions and shape ). 


( The cellular part of the endosperm has been 
1. Blastania garcini, 2. Melo- 


thria heterophylla, 3. Citrullus fistulosus, 4. Benincasa cerifera, 5. Melothria maderaspatana, 6. Tri- 


chosanthes anguina, and 7. Cucurbita ficifolia. 


nucellar cells and completely fills the seed 
cavity. The cells in the central region 
enlarge appreciably and their nuclei attain 
a diameter of 28-80u in Benincasa and 20 
to 52u in Melothria. The nucleoli too in- 
crease in size as well as in number and 
present an irregularly lobed appearance 
(Figs. 14, 15, 37-39). This behaviour 
may be related to the digestion of the 
endosperm by the embryo ( see also Scott, 
1953). The peripheral cells of the endo- 
sperm, excepting the bulging cells men- 
tioned above, remain, small and their 
nuclei measure only 6-12y ( Figs. 16, 17, 
40-42 ). 

After the torpedo stage the embryo 
grows rapidly and invades the endosperm. 
At maturity, the massive cotyledons 
occupy almost the entire seed cavity leav- 
ing only one or two layers of crushed 
endosperm. 


Discussion 


The structure and behaviour of the 
endosperm haustorium in the Cucurbita- 
ceae is quite variable. Fig. 43 shows the 
extent of its development in 7 genera. In 
Blastania garcini (Chopra, 1953, 1955; 
Singh, 1957) there is virtually no haus- 
torium and in Melothria heterophylla it is 
represented only by a small cellular protu- 
berance. Citrullus fistulosus  ( Chopra, 
1955) has a very short haustorium which 
becomes partitioned into cells. In a 
number of species like Cucumis sativus, 
Lagenaria vulgaris, Trichosanthes anguina 
(Chopra, 1955), Cucurbita spp. ( Weiling 
& Schagen, 1955), Melothria maderas- 
patana ( Johri & Roy Chowdhury, 1957 ), 
Sechium edule (Singh, 1957), Cucumis 
melo var. utilissimus, and Luffa aegyp- 
tiaca the haustorium remains permanently 
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TABLE 2 


NAME OF PLANT AND INVESTIGATOR 


A. Length of haustorium below 15004 


. Citrullus fistulosus ( Chopra, 1955) 

. Coccinia indica (Chopra, 1955) 

. Momordica charantia (Chopra, 1955) 

. Luffa aegyptiaca ( present work) 

. Benincasa cerifera ( present work) 

. Citrullus colocynthis ( Johri & Roy Chow- 
dhury, 1957; Singh, 1957) 


OU BR © D eR 
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MAX. LENGTH 
OF HAUSTORIUM 
IN u 


[ July; 


COENOCYTIC OR CELLULAR 
CONDITION OF HAUSTORIUM 


333 Always cellular | 
645 Mostly cellular, sometimes coenocytic | 
740 Mostly coenocytic, sometimes cellular 
990 Always coenocytic 

1170 Mostly cellular, sometimes coenoeytie, 
1220 Cellular or coenocytic 


B. Length of haustorium above 1500u | 


1. Lagenaria vulgaris (Chopra, 1955) 1673 Always coenocytic 
2. Cucumis melo var. utilissimus (present 3006 do 
work ) | 
3. Melothria maderaspatana ( Johri & Roy 4500 do | 
Chowdhury, 1957) 
4. Cucumis sativus (Chopra, 1955) 5250 do 
5. Trichosanthes anguina (Chopra, 1955 ) 6317 do | 
6. Cucurbita ficifolia ( Weiling & Schagen, 12000 do ) 


1955 ) 


| 
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coenocytic. In a few species the haustorium 
shows a variable behaviour. In Coccinia 
indica (Chopra, 1955) and Benincasa 
cerifera the haustorium normally becomes 
cellular while in Momordica charantıa 
(Chopra, 1955) the coenocytic condition 
is more common. 

In some species the tip of the haustorium 
is always dilated, while in others such a 
condition occurs only now and then. The 
swollen tip in Cucumis sativus ( Chopra, 
1955), Cucumis melo var. utilissimus 
(present work) and Cucurbita ( Weiling 
& Schagen, 1955 ) seems to enhance the 
efficiency of the haustorium. 

The investigated species could be arbi- 
trarily divided into two categories. When 
the length of the haustorium does not 
exceed 1500u, it may become cellular or 
may remain coenocytic (Table 2, A). 
But when the length exceeds 1500u the 
haustorium remains permanently free 
nuclear (Table 2, B). 

While Singh (1957) confirms the cellu- 
lar condition of the haustorium in Citrullus 
fistulosus (Chopra, 1955), he mentions 
that it remains free nuclear in C. colocyn- 
this and wall formation does not occur as 
reported by Johri & Roy Chowdhury 
(1957). We do not consider these re- 
ports to be contradictory, since both the 


| 
conditions can be found in C. le 
as indeed they are in some other cases 
also. | 

Finally, we may consider how far the 
structure of the haustorium is uniform 
in any particular genus. Weiling & 
Schagen (1955) have investigated five 
species of Cucurbita: C. pepo, C. moschata, 
C. mixta, C. maxima and C. ficifolia, and 
in all of these there is a long, permanently 
coenocytic haustorium, which has a dilated. 
tip except in C. maxima. Cucumis sativus 
(Chopra, 1955), C. melo var. pubescens 
(Singh, 1955 ) and C. melo var. utilissimus 
also show a long coenocytic haustorium. 
However, they differ with regard to the 
presence of a swollen tip and a broad free 
nuclear portion at the base of the cellular 
endosperm. Both these features have 
been observed in C. sativus but occur only 
occasionally in the other two species. 
Momordica charantia ( Chopra, 1955 ) and 
M. balsamina ( Singh, 1957 ) also resemble 
closely; the haustorium normally remains 
free nuclear, but wall formation can occur 
sometimes. 

From the examples cited above, it is 
evident that within the limits of the same 
genus the haustorium does not show any 
significant differences. In this respect 
the genus Melothria presents a marked 
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contrast. There is a long ( 4500u ), per- 
manently coenocytic haustorium in M. 
maderaspatana ( Johri & Roy Chowdhury, 
1957). M. leiosperma also possesses a 
long? haustorium (Singh, 1957) which 
mostly remains free nuclear. However, 
in M. heterophylla (present work) the 
haustorium is rudimentary and comprises 
only a short protuberance of densely cyto- 
plasmic small cells. In view of these 
variations it is suggested that other species 
of Melothria be investigated to see if they 
reveal a graded series of haustorial deve- 
lopment. 

Blastania garcini, which belongs to the 
subtribe Anguriinae of the tribe Melo- 
thrieae ( Engler & Prantl, 1894), does not 
possess even a rudimentary haustorium. 
Whether other genera under the same 
subtribe are similar to Blastania remains 
to be seen. 


Summary 


The development of the endosperm, 
with particular reference to the structure 
of the haustorium, has been studied in 
Benincasa cerifera Savi, Cucumis melo var. 
utilissimus Roxb., Luffa aegyptiaca Mill. 
and Melothria heterophylla Cogn. 


2. Actual measurements have not been given 
by Singh ( 1957 ), and, therefore, it is not possible 
to institute accurate comparisons. 


In Cucumis the length of the haustorium 
varies from 1170 to 30061, in Benincasa 
from 270 to 1170u, and in Zuffa from 360 
to 990u. Melothria shows only a rudi- 
mentary haustorium which is represented 
by a short protuberance consisting of small 
cells. 

The haustorium generally contains dense 
cytoplasm and many free nuclei, which 
often aggregate in groups of 2-15. Both 
Cucumis and Benincasa sometimes show a 
broad free nuclear portion at the junction 
of the cellular endosperm and the hausto- 
rium. The tip of the haustorium is 
usually rounded, but in Cucumis it is often 
conspicuously dilated and most of the 
nuclei are located in this region. 

A permanently coenocytic haustorium 
has been observed in Cucumis and Luffa; 
in Benincasa it usually becomes cellular, 
but a free nuclear condition also prevails. 

In Luffa the basal region of the cellular 
endosperm shows multicellular mounds 
with dense cytoplasm and hypertrophied 
nuclei. These seem to serve as absorptive 
organs and are in the nature of ‘ secondary 
haustoria’. In Benincasa and Cucumis 
the mounds are not so prominent and in 
Melothria they are absent. 

We are greatly indebted to Professor 
P. Maheshwari for his keen interest and 
encouragement. Thanks are also due to 
Dr B. M. Johri for valuable suggestions. 
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Introduction 


The development of fruit has long been 
interlinked with the processes of polli- 
nation and fertilization. Laibach ( 1932 ) 
demonstrated the presence of auxins in 
the pollen grains of several plants, and a 
few years later Gustafson ( 1936) was led 
to believe that it is the auxin provided by 
the pollen which is responsible for fruit 
development. However, doubts were ex- 
pressed by others whether the meagre 
amount of auxin in pollen could suffice for 
this purpose. van Overbeek ef al., (1941) 
proposed an alternative hypothesis and 
stated that the pollen tubes might bring 
various enzymes or more particularly pros- 
thetic groups which are responsible for 
the release of ‘ bound’ growth substances. 
This was confirmed by Lund ( 1956a, b ) 
in Nicotiana. 

It has been found that in many plants 
the fertilized ovules are a rich source 
of auxin synthesis (see Luckwill, 1948; 
Nitsch, 1952b). Thus, besides pollen, 
which serves to provide the initial source 
of stimulus, the necessary auxin supply 
for normal fruit-growth may come from 
the developing seeds. In pears and apples 
the size of the fruit is directly dependent 
on the number of seeds attaining maturity. 
The asymmetrical shape of fruit, some- 
times seen, is caused by an abortion of the 
ovules on one side of the ovary ( Nitsch, 
1952b ). In general, therefore, auxins are 
known to control the production of fruits. 

However, it would be difficult to investi- 
gate the precise requirements for fruit 
development while the ovary is attached to 
the plant. For instance, if specific subs- 
tances are fed to the plant with the inten- 
tion of studying their influence on the 
fruit, there is no method of determining 
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as to which and how much of each à 
utilized for vegetative growth and what 
part is available for fruit growth. | 

In recent years attempts have, therefore, 
been made to grow excised ovaries under 
controlled conditions. LaRue (1942) suc- 
cessfully cultivated the ovaries of some 
angiosperms in artificial cultures. Sub- 
sequently, Nitsch (1949, 1951), working 
with the ovaries of tomato, bean, tobacco, 
strawberry and gherkin, realized that 
studies on the cultivation of ovaries on 
artificial media could be a very useful tool 
in the understanding of fruit physio- 
logy ( see also Jansen & Bonner, 1949; De 
Capite, 1955). 

More recently, Leopold & Scott ( 1952 ) 
cultured ‘ John Baer’ self-sterile strain 
of tomatoes, and investigated the influ- 
ence of various organic and inorgani 
compounds on the fruit setting. These 
substances are supplied 7m vivo by mature 
leaves. Rédei & Rédei (1955) cultured 
wheat ovaries for 8-12 days, after whic 
the embryos were excised and transplant- 
ed on a basic medium supplemented with 
casein hydrolysate (0-5 per cent). The em: 
bryos continued to develop and germinated 
in situ. Anantaswamy Rau (1956) cul- 
tured the ovaries of Phlox drummondit by 
adding colchicine to the nutrient medium. 
He has shown that while the growth an 
development of the embryo and endosperm 
were not materially altered in cultured 
ovaries, colchicine induced a multinucleate 
condition in embryonal cells and the endo- 
sperm showed a nodular organization. 
Working in this laboratory, Nirmala Mahe- 
shwari & M. Lal ( 1958) on Iberis amara 
and Sachar & Baldev (1958) on Linaria 
maroccana have followed the modifications 
in fruit development induced by various 
chemicals, especially kinetin and IAA, 


Fics. 1-10 — Fruit growth in vivo and in vitro. (NB, Nitsch basic medium; V, vitamins 
id glycine). Fig. 1. Excised ovaries 2 days after pollination — these represent the stage of 
oculation. Figs. 2-4. Fruit growth im vivo —7, 12 and 20 days after pollination respectively; 
te the supression of one of the locules in Fig. 3. Figs. 5-8. Ovaries cultured in Nitsch’s basic 
edium supplemented with vitamins and glycine —5, 10, 15 and 42-day old fruits. Fig. 9. 
fteen days’ growth in NBV-+thiamin (10 mg/l). Fig. 10. Another set of fruits (37-day old) 
ıltured in NBV-+thiamin (20 mg/l), note the patches of callus on the stalk. The fruits shown 

Figs. 9 and 10 were kept in darkness. 
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Tropaeolum majus was selected for im 
vitro culture of ovaries because of its easy 
availability in the University Botanical 
Garden. It was noticed that the dehis- 
cence of the anthers is a long and protracted 
process, continuing for four to six days 
with one or more anthers dehiscing each 
day. Pollination usually occurs four days 
after anthesis. The flowers were excised 
two days after pollination and were 
brought from the field with their pedicels 
dipping in distilled water. The calyx and 
corolla were invariably removed. The 
ovaries were then treated for 12-15 
minutes with a 10 per cent solution of 
calcium hypochlorite, and then washed 
repeatedly with sterile distilled water. At 
the time of inoculation, the basal portion 
of the stalk was removed and the ovary 
transplanted in the culture medium. 
Since liquid media! were employed for the 
most part, the pedicels were kept suffi- 
ciently long so as to keep the ovaries above 
the level of the medium. 

The basic medium was prepared from 
four stock solutions; major elements, trace 
elements, ferric citrate (Nitsch, 1951) 
and a mixture of vitamins and glycine 
modified after White (1943). The cons- 
titution of these was as follows: 

A. Major elements 


Ca(NO3)..4H,O 5,000 mg 
KHSPO; 1,250 mg 
KNO, 1,250 mg 
MgS0O,.7H,0 1,250 mg 
Double distilled water to 1,000 ml 
B. Trace elements 

1,50, 0-5 ml 
CuS0,.5H,0 25 mg 
H;BO, 500 mg 
MnSO,.4H,O 3,000 mg 

mg 


Na,MoOQ,.2H,O 25 


1. The semi-solid medium gelled with agar 
(0:7% ) was also tried. 
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ZnSO, 7,0 500 mg) 
Double distilled water to 1,000 ml | 
Ce Fe€; 07H 5.0 10 gm) 
Double distilled water to 1,000 ml | 
D. Vitamins and amino acid | 
Glycine 450 mg: 
Calcium pantothenate 15 mg! 
Pyridoxine hydrochloride 15 mg! 
Niacin 75 mg! 
Thiamin 15 mg! 
Double distilled water to 300 ml! 


The culture solution was prepared by 
dissolving 50 gm of sucrose in 500 ml of! 
double distilled water and adding to this: 
100 ml of solution A, 1 ml each of solutions 
B and C, and 5 ml of solution D. Then 
it was made up to 1 litre with double dis- 
tilled water. The pH of the medium was 
adjusted between 5-6 and 5-8 with N/10 
NaOH. The nutrient medium thus pre- 
pared was dispensed with an automatic 
pipette into pyrex tubes (3 x 1 in. and 
6 X 1 in.) which were plugged with 
non-absorbent cotton wrapped in cheese- 
cloth. In the beginning only 10 ml? of 
the medium was used per tube but later 
Erlenmeyer flasks ( cap. 100 ml) with 20, 
30, 40 and 50 ml of the medium were also 
used. These were autoclaved at 15 Ib 
pressure for 20 minutes. | 

All the glassware employed for culture 
work was chromed overnight by immers- 
ing it in a saturated solution of concen- 
trated sulphuric acid and chromic acid. 
Afterwards it was thoroughly washed with 
tap and distilled water. 


2. The quantity of various chemicals in 
10 ml of basic nutrient medium is as follows: 
Major Elements —Ca(NOs3)9.4H,0 —5 mg; KNO: 
—125 x10 mg; MgSO,.7H,O—125 x 10-2 mg; 
KH,PO,—125 x10"? mg. Minor eléments— 
MnSO,.4H,O—3 x 10-2? mg; ZnSO,.7H,O—5 x 
10° mg; H,BO;—5xX10 mg; CuSO,.5H,0 — 
0:25 x 10°® mg; Na,M00,.2H,0 — 0:25 x 10-3 mg 
FeC,0,H,.5H,0 —1x10-? mg. Vitamins ana 
Amino Acid — Glycine —7:5 x 10°? mg; Niacin— 
1:25X 10? mg; thiamin -—0:25x10-2 mg; 
Pyridoxine —0:25 x 10°? mg; Ca-pantothenate — 
0:25x:102 mg. 


— 


Figs. 11-17 — Fruit growth in vitro in NBV and supplements. Fig. 11. Five-day old ovary 


with colchicine ( 100 mg/l). 


Fig. 12. Thirtyone-day old ovary with biotin (1 mg/l). 


Figs. 13-15 


Twelve, fifteen and eighteen-day old fruits with 2, 4-D (10 mg/l — Fig. 13; 20 mg/l — Fig. 14 


1 mg/l — Fig. 15). 
equal parts of tomato juice. 
(10 mg/l). 


Fig. 16. Five-day old ovaries im White’s basic medium supplemented with 
Fig. 17. Fourteen-day old unpollinated ovaries with NBV--IBA 
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Besides using the basic medium as such, 
it was also supplemented with various 
concentrations of thiamin (10 and 20 
mg/l), colchicine (50 and 100 mg/l), 
biotin (1 mg/l), indolebutyric acid (1, 5 
and 10 mg/l), 2, 4-dichlorophenoxyacetic 
acid (1, 10 and 20 mg/l), kinetin (0-1, 
0-5 and 1 mg/l), gibberellic acid (5 and 
10 mg/l), casein hydrolysate ( 500 mg/l) 
and yeast extract (500 and 1,000 mg/l ). 
In some cultures a 10 per cent extract of 
leaf, petiole, stem or fruit of Tropaeolum 
was also added to NBV. A few were also 
cultured on White’s basic medium ( see 
White, 1954) supplemented with ripe 
tomato juice (50:50) or cystin hydro- 
chloride ( 10 mg/l). 

In every experiment one set of cultures 
was maintained on the basic medium, 
while the other contained one or more of 
the supplements listed above. The num- 
ber of ovaries planted in each medium 
ranged from 48 to 60. 

The cultures were maintained at room 
temperature (17°-21°C.), and most of 
them received diffuse day light. Some 
cultures were kept in dark. 

Fruit growth? was compared in vitro 
and im vivo. Ovaries were tagged on the 
day of anthesis and collected at regular 
intervals until full-sized fruits were formed. 

The experimental as well as natural 
fruits were fixed in formalin-acetic-alcohol 
and prepared for microtomy in the usual 
way. Sections were cut at a thickness of 
12-16. and stained with Heidenhain’s 
iron-haematoxylin. A large number of 
ovules were examined by dissection. 


Observations 


STUDIES IN vivo — The flowers of Tro- 
paeolum continue to open throughout the 
day and at the time of anthesis the trilobed 


3. The diameter of the ovaries was taken 
as the index of growth, each measurement 
represents an average of six ovaries. 
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stigma is greenish and non-receptive. | 
Three days after anthesis the lobes of the 
stigma spread out and become yellowish. | 
Pollination usually occurs four days after 
anthesis, and the stigma persists for 20-| 
24 days afterwards (Fig. 4). All the] 
three locules of the ovary show almost | 
equal growth but sometimes one, rarely | 
two, of them may fail to develop ( Fig. 3 ). | 
As will be shown later, the abortion is due | 
to failure of fertilization. During the first | 
three weeks the ovary grows from an) 
initial size of 2:5 mm to almost 13-14 mm 
(Figs. 1-4). Thereafter, there is very| 
little increase in fruit size although the) 
embryo still continues to grow. The) 
maturation of the fruit requires another | 
10-15 days, i.e. 31-36 days in all from the | 
time of pollination. At this time the fruit | 
wall turns yellowish and the nutlets fall! 
apart with the slightest pressure. | 

STUDIES IN VITRO— To begin with, | 
the excised ovaries were maintained in | 
pure water and in 7-8 days they increased | 
in diameter from 2-5 to 4:2 mm. How-| 
ever, if the calyx and corolla were left) 
intact the diameter increased from 2-5 to 
5 mm (Figs. 40, 42; Table 1). After} 
eight days or so growth stopped and the} 
ovaries began to turn yellowish. When | 
planted on a nutrient medium, even after 
the cessation of growth, the small fruits’ 
remained healthy for several days. | 

Excised ovaries, two days after pollina- 
tion, were cultured on Nitsch’s basic | 
medium supplemented with vitamins and | 
glycine. In the first week the growth 
(6 mm ) matched fairly well with controls | 
in the field (6-2 mm). During the second | 
week the growth of the ovaries in cultures | 
was markedly slowed down and by the! 
middle of the third week it ceased almost | 
completely (Table 1). The optimum 
average diameter attained in cultures was | 
7:1 mm in comparison to 13-4 mm of the 
natural fruits ( Figs. 1-8, 40-42). There | 
was no callus or root formation irrespective | 


of whether the cultures were maintained | 


Fics. 18-23 — Development of embryo in vivo. 


the egg and fusion nucleus. 
endosperm. 
with an arrow). 


—— 


Fig. 18. Upper part of embryo sac showing 


Fig. 19. Upper part of ovule with young proembryo and nuclear 
Fig. 20. Proembryo, 5 days after pollination; note the suspensor haustorium ( marked 
Fig. 21. Globular embryo, 12 days after pollination. 


Figs. 22, 23. Older 


embryos with bulging suspensor cells, 16 and 20 days after pollination. 


- WWNSO‘O 
AIRE nee 


Fics. 18-23. 
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TABLE 1— AVERAGE GROWTH OF 
FRUITS DURING THE FIRST THREE 


WEEKS* 
(NBV, Nitsch’s basic + vitamins and 
glycine ) 
NUTRIENT GROWTH OF FRUIT 
SUPPLEMENTS DIAMETER IN MM 
(is == = 
1st 2nd 3rd 
week week week 
Control in field 6:0 10-0 13-4 
Ovaries in water 4-2 — — 
( without calyx & 
corolla ) 
Ovaries in water 5-0 — — 
(with calyx & 
corolla ) 
Ovaries in NBV 6:2 6-6 6-6 
NBV +thiamin 10 40 6-5 6-5 
mg/l 
NBV +thiamin 10 4-9 6-4 71:3 
mg/l ( kept in dark- 
ness ) 
NBV +thiamin 20 4:9 6:4 6:4 
mg/l 
NBV-+thiamin 20 5:0 5:6 5-6 
mg/l ( kept in dark- 
ness ) 
NBV-+ colchicine 100 6-5 6-5 6-5 
mg/l 
White’s basic+ cystin 6-5 6-5 6-5 
hydrochloride ( 10 
mg/l) 
White’s basic+tomato 4:7 5:8 5-8 
juice (50:50) 
NBV +2, 4-D 1 mg/l 3-0 40 4-0 
NBV +2, 4-D 10 mg/l 2:7 3-1 3-1 
NBV +2, 4-D 20 mg/l 3-0 4-5 4-5 


*Initial size of the ovaries at the time of 
inoculation was 2:5 mm. 


in darkness or in diffuse light even for as 
long as 42 days. 

The ovaries cultured in NBV + thiamin 
(10 mg/l) showed a slightly improved 
growth as compared to the basic medium. 
When 20 mg/l of thiamin were added, the 
growth was somewhat retarded ( Figs. 9, 
10, 41, 42; Table 1). Further, in 10 mg/l 
a few of the pedicels showed some swollen 
patches whose number increased when a 
concentration of 20 mg/l was used. In 
none of the cultures did thiamin induce 
root formation even if they were kept in 
darkness or diffuse light for over four 
weeks. Bonner (1937), Robbins & 
Bartley ( 1937 ), White ( 1937 ) and Nitsch 
(1951, 1952a) emphasized the role of 
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thiamin in bringing about root formation. || 


Galston ( 1948) also reported root initia- 


tion in the excised stem tips of Asparagus || 
when IAA was added to the nutrient || 
medium. However, in Tropaeolum the || 


addition of IAA, IBA, 2, 4-D, kinetin + 


IAA or tomato juice had no effect on root | 


initiation. 


Concerning the results obtained by the | 
addition of cystin hydrochloride ( 10 mg/l) || 
colchicine || 
(100 mg/l) to Nitsch’s medium ( Fig. 11 ), | 
the ovaries showed rapid growth during | 
the first week and even exceeded the aver- | 
age diameter of natural fruits of corres- | 
ponding age or of ovaries grown on the | 
basic medium (Table 1; Figs. 41, 42). | 
However, no further growth occurred | 


to White’s medium or of 


during the second and third weeks. 


Biotin (1 mg/l) seemed to have very | 


little effect and most of the ovaries shri- 


velled in this medium. A few showed | 
some growth but even 27 day old fruit had | 
an average diameter of only 5:2 mm) 


(Fig. 12; Table 1). 


Nitsch (1951) reports that the growth | 
of young ovaries of ‘Essex Wonder’ | 


tomato is accelerated by tomato juice. 


To determine whether tomato juice has | 
any effect on the ovaries of Tropaeolum, | 
we added an equal volume of it to White’s | 


basic medium. Even in two weeks time 


the average diameter did not exceed 5-8 | 
mm and thereafter growth ceased abruptly | 


( Figs. 16, 41, 42; Table 1). 


The two-day post-pollinated ovaries ! 
cultured on NBV + IBA (1,5 mg/l), pro- | 
duced only small fruits without any con- | 
These | 
fruits were in no way superior to those | 


spicuous swelling on the pedicel. 


cultured on NBV alone. 
When 2, 4-D (1, 10, 20 mg/l) is used 


along with NBV, the growth of the ovaries 


is considerably inhibited, and 


in the | 


course of the second and third week they | 


turn yellowish and become shrivelled 
( Table 1; Figs. 41, 42). A number of 


external deformations also appear, e.g. | 


the pedicel becomes curled? and irregular | 


4. It may be mentioned here that the coiling 
of stalk is very common even in nature, but it 
seldom occurs in the basic medium. Since the 
culture medium containing growth substances 
exhibits curling of the stalk, it may be presumed 
that it is a hormone-controlled process. 


Fics. 24-27 — Development of embryo in vitro. Fig. 24. Unusually large and undifferentiated 
mbryonal mass from a 50-day old ovary grown in NBV. Fig. 25. Fifteen-day old embryo from 
yvary cultured in NBV-+thiamin (20 mg/l). Fig. 26. Two of the suspensor cells from a 37- 
lay old culture in NBV-+thiamin (20 mg/l) showing fusion of several nuclei. Fig. 27. Aborted 
vule in a 11-day old ovary cultured in NBV-+2, 4-D (20 mg/l). 
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The first effect was very marked in media 
containing 2, 4-D which caused an early 
abortion of the ovules and arrested the) 
normal growth of the ovary even during | 
the first week. That the continuous deve- | 
lopment of the ovules has an important | 
role to play was also substantiated by | 
field studies. The ovary consists of three | 
locules each with a single ovule, and all! 
the ovules do not always get fertilized. | 
In the fertilized embryo sacs the zygote) 
develops into a small proembryo and) 
several free endosperm nuclei are pro-| 
duced. On the other hand, the unferti- 


swellings appear all along its length. 
With increased concentrations of 2, 4-D 
(10-20 mg/l) the swelling of the stalk may 
still be more pronounced ( Figs. 13-15 ). 
Since growth substances are known to 
induce parthenocarpic development of 
unpollinated ovaries; ovaries ( diameter 
1:5 mm) from emasculated bagged buds, 
picked two days after anthesis, were 
cultured on the basic medium supple- 
mented with IBA (10 mg/l). They re- 
mained healthy for 8-12 days in cultures 
but then started shrivelling. The pedicel 
became markedly curled and swollen at 


the basal end and the portion immediately 
below the ovary showed a shrunken 
appearance. Thus, IBA was ineffective 
in stimulating parthenocarpic develop- 
ment of the unpollinated ovaries of Tro- 
paeolum (Fig. 17). 

Nitsch (1951) cultured unpollinated 
ovaries of gherkin and provided IAA or 
IBA through sterile agar blocks deposited 
on the cut surface of the ovary. In other 
cases he applied lanolin pastes of these 
substances on intact ovaries. He too 
never obtained any growth of the ovary, 
but only callus formation from the pedicel 
as also observed by us in Tropaeolum. 
Similar results have been reported by 
Sachar (1958) in Linaria maroccana 
ovaries. However, successful fruit set- 
ting by auxin treatment has been recorded 
in tomato ( Nitsch, 1951; Leopold & Scott, 
1952 ) and Althaea ovaries ( Chopra, 1958). 
In general, it seems likely that plants 
which offer difficulty in achieving artifi- 
cial parthenocarpy in the field, may not 
be suitable for raising such fruits under 
cultured conditions. 

In our experiments the cultured ovaries 
failed to attain the normal fruit size in any 
of the nutrient media. This may be due 
to several factors. The two most import- 
ant ones seem to be (i) the retardation of 
embryo and endosperm development, and 
(i) the inadequate supply of nutrition. 


lized ovules do not grow with the result | 


that the respective locule become aborted 
and the fruit is highly asymmetrical. 
The above findings suggest a clear corre- 
lation between the growth of the ovary 


seed.® 

Concerning the inadequate supply of 
nutrition, at first the ovaries were cultured 
in 10 ml of the nutrient medium. Later, 
the quantity was increased to 20, 30, 40 
and 50 ml, and the basic medium was 
supplemented with various growth subs- 
tances and plant extracts ( see page 206 ); 
nevertheless the growth of the ovary did 
not show any significant increase in size. 

DEVELOPMENT OF EMBRYO AND ENDO- 
SPERM IN vivo — Walker ( 1947 ), who has 


studied the embryology of Tropaeolum | 


majus, points out that fertilization is 


| 


wall and the normal development of the | 


| 
| 


| 
| 
| 
| 
1 
! 
| 
| 


accomplished in 12-19 hours after pollina- | 


tion. The development of the embryo is 
accompanied by the differentiation of a 
conspicuous suspensor-haustorium which 
bifurcates into two branches, one of which 
invades the part of the integument adja- 
cent to the micropyle and grows around 


5. We also excised ovules from ovaries (3 to 
8 days after pollination) and cultured them 
separately in different nutrient media. As 
compared to controls, the ovules showed very 
slight growth and the embryo failed to attain 
maturity. 


Fics. 28-31 
culture in NBV-+ colchicine (100 mg/l); 


—Influence of colchicine and tomato juice. 
note the bulging cells of the suspensor. 


He 


Fig. 28. Embryo from a 9-day old 
Fig. 29. Endo- 


sperm ‘nodule’ from the micropylar part of the embryo sac produced in a culture medium con- 
taining NBV +-colchicine (100 mg/l). Fig. 30. Embryo from 10-day old culture grown in White’s 


medium with equal part of tomato juice. 
show the multinucleate nature of its cells. 


Fig. 31. Part of proembryo enlarged from Fig. 30 to 


28-31. 


Fics 
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the ovule. A second haustorium makes 
its way through the nucellus into the 
integument and finally establishes con- 
tact with the vascular supply of the funi- 
culus. 

Figure 19 shows a young proembryo 
two days after pollination. The bifurca- 
tion of the suspensor haustorium usually 
occurs five days after pollination ( Fig. 
20). The embryo grows rapidly and 
becomes globular in another 8-10 days 
(Fig. 21). The cotyledons and the stem tip 
differentiate 16-20 days after pollination, 
and the cells of the suspensor lying imme- 
diately above the embryo proper enlarge 
and become swollen ( Figs. 22, 23). The 
embryo attains maturity in nearly four 
weeks after pollination. 

The endosperm remains free nuclear 
throughout (Figs. 19-21, 35). During 
earlier stages there may be some localized 
aggregations of the nuclei, but subse- 
quently they become more or less uni- 
formly distributed all along the periphery 
of the embryo sac. About eleven days 
after pollination, the endosperm nuclei 
begin to degenerate but the endosperm as 
a whole does not collapse until the embryo 
gets differentiated into the cotyledons and 
stem tip. Further nutrition of the embryo 
is derived through the activity of the 
suspensor haustorium. 

DEVELOPMENT OF EMBRYO AND ENDO- 
SPERM IN CULTURED OVARIES — At the 
time of inoculation of the ovaries in the 
nutrient media (two days after pollina- 
tion), the ovules showed a young pro- 
embryo and free endosperm nuclei ( see 
Fig. 19) in about 30-35 per cent of the 
cases. The remaining ovules ( 65-70 per 
cent ) showed the unfertilized egg and the 
fusion nucleus ( Fig. 18). In NBV, the 
growth of the embryo proceeded exactly 
in the same manner as in vivo. The 
differentiation of stem tip and cotyledons 
also occurred in about the same time as 
in nature (i.e. 15-16 days after pollina- 
tion), but the embryos in the cultured fruits 
were comparatively smaller (Table 2). 
In older cultures (ie. 49-52 days), 
however, the embryo showed signs of 
degeneration. In many ovules, while the 
embryo proper had completely degene- 
rated, the haustorial cells of the suspensor 
were still healthy and some of them had 
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become highly hypertrophied and coeno- 
cytic and ultimately their nuclei coalesced. 

In one ovule (50 day old culture ), the 
suspensor haustorium was poorly developed 
and the embryo also did not show the 
expected differentiation of cotyledons and 
stem tip. Instead, the embryonal mass 
(348 x 253u) had developed meriste- 
matic mounds along its periphery (Fig. 24). 

The endosperm remained healthy for 
about two weeks and in a few cultures the 
nuclei had become aggregated in groups. 
The cytoplasm surrounding these nuclei 
appeared vacuolated and gave a frothy 
appearance. Occasionally, the nuclei had 
an irregular outline and contained nume- 
rous tiny nucleoli. 

The endosperm nuclei began to degene- 
rate after the second week and by the end 
of the third week they were not trace- 
able any longer. The nuclear membranes 
appeared to disorganize liberating many 
light-coloured granular bodies in the 
cytoplasm. 

In White’s medium, mixed with an equal 
amount of tomato juice, the embryos pro- 
gressed as far as the late globular stage in 
about ten days. Further growth was not 
observed even in 40-day-old cultures and 
finally the embryos degenerated. Occa- 
sionally, some of the embryos followed a 
peculiar course of development. The 
nuclear divisions in the embryonal cells 
were not accompanied by wall formation. 
On the other hand, the cells themselves 
enlarged considerably and took a dark 
stain due to their dense cytoplasm 
( Figs. 30, 31, 33). There were 1-4 nuclei 
in each cell which exhibited considerable 
variation in size. In some of the cells 
the nuclei remained clumped together 
and eventually fused forming irregular 
polyploid masses. 

In no other nutrient medium did we 
find such a pronounced multinucleate 
condition in the proembryo as in tomato 
extract medium. However, such embryos 
are perhaps of little consequence, since 
they do not resume normal cell division 
and remain arrested. The endosperm 
was quite normal, except that in many 
embryo sacs there was an early degenera- 
tion of the endosperm nuclei. 

AS stated earlier, cultures with an addi- 
tional supplement of thiamin (10 mg/l, 
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20 mg/l) were maintained in darkness as 
well as diffuse light. The only noticeable 
difference is that the embryo grows faster 


in darkness than in light. In one week 
it attained the heart-shaped stage in 
darkness while in diffuse light it did not 


1GS. 32-39 — Endosperm and embryo in vitro and in vivo. Fig. 32. Four-celled proembryo 
er ee cells ae polyploid nuclei; 5 days’ growth in NBV + colchicine one). 
369. Fig. 33. A ten-day old proembryo from ovary cultured in White’s medium In a 
rt of tomato juice, note multinucleate cells. (Same as Fig. 30). x 274. ne IE 45 y- 
rtrophied cells of the suspensor showing irregular nuclei and starch u ay à cu te 
NBV-+thiamin (20 mg/l) (Same as Fig. 26). X 369. Fig. 35. Schr = nuclear en = 
erm 7m vivo, 5 days after pollination. x 365. Figs. 36, 37. a 2 pia oe = 
om 6-day old culture of ovary grown in NBV-+thiamin (20 mg/l). x 36 Be = ie pper 
rtion of embryo sac showing endosperm nodule near the proembryo. x135. Fig. 39. Magni 
ew of endosperm ‘ nodule’ in Fig. 38. x 365. 
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progress beyond the globular stage. In 
the latter the differentiation of cotyledons 
occurred in about 15 days (Fig. 25). 
Also, in a number of ovules, the embryo 
or the endosperm, or both, had collapsed. 
Rarely, the embryo had degenerated but 
the endosperm developed copiously. 

The ovules examined from two-week- 
old cultures showed more or less the same 
stage of endosperm and a late globular 
to heart-shaped embryo as in the one-week- 
old cultures. By this time, the embryos 
had aborted in some other ovules also. 
Only in a few cases the embryos continued 
to grow after seven days (see Table 2) 
and showed the differentiation of the 
cotyledons and stem tip. In older cultures 
(37 days) of ovaries, the ovules had 
collapsed, and both the embryo and the 
endosperm had aborted. The sequence 
of degeneration of the endosperm and 
embryo deserve attention. The endo- 
sperm nuclei increased in size and the 
nuclear membrane ruptured ( Figs. 36, 
37) so as to liberate the large nucleoli 
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TABLE 2— SIZE OF DIFFERENTIATED) 
EMBRYO AFTER TWO WEEKS’ 
GROWTH 


(NBV, Nitsch’s basic + vitamins and glycine ) 


NATURE OF TREATMENT SIZE OF EMBRYO | 


— OO * 
Length Breadth || 
in in: 


microns microns | 

Control in vivo 253 411 | 
NBV 158 269 | 
NBV-+ thiamin ( 20 mg/l) 231 334 | 
NBV-+ colchicine 126 159 | 
( 100, mg/l) | 


which fragmented into a number of densely} 
staining granules. Gradually these too} 
lost their identity and seemed to be di-{ 
gested by the embryo. The cells of the! 
embryo contained scanty cytoplasm, the} 
nuclei were also inconspicuous and finally} 
the embryo collapsed. As regards the! 
suspensor haustorium, its cells sometimes} 
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Fic. 40 — Growth curves of ovaries in vivo and the controls in in vitro. 
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Fic. 41 — (NBV, Nitsch basic + vitamins and glycine ). 


Growth curves of ovaries ( two 


lays after pollination ) grown on basic medium supplemented with various nutrients. 


became multinucleate with a tendency 
for the nuclear fusion ( Figs. 26, 34) and 
there was some accumulation of reserve 
food materials in the form of starch grains. 

In one ovule the nucellar cells around 
the embryo sac had disorganized except 
at one or two points where they were 
densely cytoplasmic and had projected 
into the cavity of the embryo sac. These 
hypertrophied cells were packed with 
starch and contained prominent nuclei. 
The final fate of such protuberances could 
not be followed. 

Two concentrations ( 50 and 100 mg/l ) 
of colchicine were tried. In 9-10 days 
after inoculation, some of the ovules 
showed a degeneration of the endosperm 
and embryo, while in others the embryo 
had reached a heart-shaped stage or differ- 
ntiated into the cotyledons and stem tip 
(Fig. 28; Table 2). The latter stage is 
reached in natural seeds in about 14-16 
days. The cells of the embryo are 
poorly cytoplasmic, and occasionally the 
cells of the suspensor may be binucleate 
or trinucleate. Cultures maintained for 
longer periods did not show any further 
zrowth of the embryo. The endosperm 
nuclei were usually of unequal size which 


may be due to enlargement or to fusions. 
In some embryo sacs the cytoplasm 
appeared nodulated and the nodules ex- 
hibited a multinucleate condition. 

In one ovary, two ovules showed a very 
abnormal condition. One of the embryo 
sacs contained a four-celled proembryo, 
each cell being exceptionally large and 
containing a hypertrophied nucleus ( 29- 
54u in diameter). Compared to these, 
the normal nuclei of embryonal cells have 
a diameter of only 9-1lu. The giant 
nuclei seemed to have been produced by 
a process of endoduplication of chromatin 
( Fig. 32). In one of the cells the nuclear 
membrane had ruptured and the nucleoli 
had spread out in the entire cell cavity. 
The cytoplasm took a denser stain and 
appeared granular. In this embryo sac 
the endosperm nuclei were hypertrophied 
and some were in the process of fusion. 
There was an endosperm nodule at the tip 
of the embryo sac containing nuclei of 
different sizes ( Figs. 29, 38, 39). 

The second ovule showed a large two- 
celled structure. The lower cell did not 
contain. any nucleus (probably it had 
degenerated ), while a large nucleus was 
present in the upper cell. The polar 
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nuclei had fused but the two nucleoli were 
still quite distinct, and probably the male 
gamete had not taken any part in this 
fusion. 

Ovaries which received IBA (1,5 mg/l), 
showed globular embryos after nine days 
and only in a few cases they had reached 
the heart-shaped stage. The free nuclear 
endosperm was healthy in some ovules 
and had degenerated in others, the 
sequence of degeneration being similar 
to that in cultures grown in a medium 
containing thiamin. Occasionally the en- 
dosperm nuclei become aggregated in 
a sheath of dense cytoplasm. Cultures 
maintained for three weeks showed healthy 
ovules, but these were mostly empty and 
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the embryo sac had Heacnetaved Only, 
a few embryo sacs showed a globular on 
heart-shaped embryo but its cells were 
neither richly cytoplasmic nor had cons- 
picuous nuclei. These observations indi- 
cate that the addition of IBA to the basic 
medium does not in any way stimulate 
the growth of the embryo. 

Of all the supplements tried, 2,4-D ex- 
erted a pronounced inhibitory effect on 
the development of the embryo and en- 
dosperm. The endosperm nuclei, which 
normally remain healthy up to the heart- 
shaped stage of the embryo, showed signs 
of early degeneration. Unlike in othen 
supplements, e.g. thiamin or colchicine, 
the nuclei failed to increase in size. 


PERCENTAGE INCREASE IN FRUIT DIAMETER 
(MM) 
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Fig. 42 — (—K & C, without calyx and corolla; ÆK & C, with calyx and corolla; NBV, Nitsch 


basic+ vitamins and glycine ). 
different nutrient media, 


Histogram showing the percentage increase in fruit diameter i 
The ovaries were inoculated two days after pollination, 
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Usually, the chalazal endosperm nuclei 
appeared famished while those around the 
embryo remained healthy for a slightly 
longer period. The degenerated nuclei 
took a dense stain. The growth of the 
proembryo was also checked and there 
was no increase in the number of cells 
from the initial stage of inoculation. It 
remained healthy for about six days but 
there were no cell divisions. During the 
second week the proembryo degenerated 
and the ovule became shrivelled. 


Summary and Conclusion 


The present investigation deals with 
the im vitro culture of ovaries of Tropaeo- 
lum majus. These were excised two days 
after pollination and cultured on Nitsch’s 
basic medium + vitamins and glycine 
(NBV). The cultured fruits were smaller 
than natural fruits but the pattern of 
growth and the maturity of the fruit 
remained almost unaltered. The best 
results were obtained in a medium com- 
prising NBV + thiamin (10 mg/l). 

In order to produce normal-sized fruits, 
the nutrient medium was supplemented 
with one or more of the following: thiamin, 
biotin, colchicine, cystin hydrochloride, 
2, 4-D, IBA, IAA, kinetin, gibberellic acid, 
casein hydrolysate, yeast extract and 
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tomato juice. The ovaries were cultured 
4, 6, 8 and 10 days after pollination but 
in no case did the size of the mature fruits 
increase appreciably. Initially, cultures 
were grown in 10 ml of the medium, but 
subsequently the quantity was increased 
to 20, 30, 40 and 50 ml. This too, did 
not yield natural-sized fruits. Of all the 
supplements tried, 2, 4-D greatly retarded 
the growth of the fruit wall. 

At the stage of inoculation of the ovary 
(two days after pollination ), the ovules 
contained a preglobular proembryo. After 
about 14-16 days, the embryo showed 
the two cotyledons and stem tip, but it 
never reached the size of the natural 
embryo. When the ovaries were main- 
tained in culture for a longer period, the 
embryos collapsed. In colchicine or 
tomato juice some of the embryos showed 
a few multinucleate cells. In the basic 
medium supplemented with 2,4-D, the 
growth of the embryo and endosperm was 
arrested and the former never differen- 
tiated into cotyledons and stem tip. 

It gives us great pleasure to express our 
indebtedness to Professor P. Maheshwari 
for his encouragement and keen interest. 
Thanks are also due to Dr B. M. Johri 
and Mr I. K. Vasil for their valuable com- 
ments and to Mrs Nirmala Maheshwari 
for her active co-operation. 
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SEED DEVELOPMENT AND FRUIT DEHISCENCE IN 


IONIDIUM SUFFRUTICOSUM GING. 


MO Vets. RAJ U* 
Department of Botany, Central College, Bangalore, India 


Ionidium suffruticosum Ging., a member 
of the Violaceae, is a small herbaceous 
plant common in the warmer parts of 
India. In association with some mild oil 
its tender stalks and leaves are used in 
preparing a cool liniment for the head. 

Previous work on the embryology of the 
Violaceae has been reviewed by Schnarf 
(1951). Later, Soueges (1948) pre- 
sented a detailed account of embryo deve- 
lopment in Viola tricolor, which has again 
been recently investigated by Singh 
(1950): 

Material of Zonidium suffruticosum was 
collected from plants growing in Banga- 
lore and fixed in formalin-acetic-alcohol. 
Customary methods were followed for 
preparing it for microscopic examination. 


Observations 


ENDOSPERM — The endosperm is of the 
nuclear type. The primary endosperm: 
nucleus divides repeatedly to form a large 
number of nuclei which are distributed. 
uniformly along the sides of the embryo 
sac. However, there is a relatively densen 
aggregation of the nuclei around the 
embryo and in the chalazal region ( Figs. 
1,2). Wall formation commences at the 
micropylar end ( Fig. 1 ) and then gradual- 
ly proceeds towards the chalazal ( Figs. 
3, 4). Further increase in endosperm ï 
accomplished through repeated cell divi 
sions. The mature seed is albuminou 
and the endosperm cells are packed wit 
pleñty of reserve food material. Th 


*Present address: Department of Botany, Cornell University, Ithaca, New York, U.S.A. 
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Figs. 1-4 — Stages in development of endosperm. (ce, cellular endosperm; emb, embryo; ii, 
ner integument; ne, nuclear endosperm; ##, nucellus; oi, outer integument, pf, pollen tube). 
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external wall of the outermost layer of 
endosperm cells is lamellose ( Fig. 30 ). 
The nucellus is massive and _ persists 
for a long time during the development of 
the seed. It becomes consumed by the 
encroaching endosperm at a comparatively 
late stage. A part of the nucellus at the 
chalazal end persists even in the seed. 
Embryo — The fertilized egg divides 
tranversely to form the apical and basal 
cells, ca and cb (Fig. 5). The cell ca 
undergoes an oblique division (Figs. 6, 
8, 9). An oblique vertical wall is laid 
down in cb (Figs. 7-9). The resulting 
four cells form an embryonal tetrad of the 
category B, ( Figs. 8, 9). Another oblique 
division in one of the derivative cells of 
ca separates the epiphysis initial e ( Fig. 
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Fias. 5-25 
tcc, initials of root cylinder; iec, initials of root epidermis; peo, cotyledonary part; g, quadrant ). 


Pigs. 9-24) x°323. Fi 25% 1926. 
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10). Thus the quadrant g, is organize 
by. cell’ ea (Fig 10. 

Further divisions of the epiphyseal 
initial e organize the stem tip ( Figs. 11- 
25). The lower cells of g contribute t 
the cotyledonary portion pco, and a par 
of the hypocotyledonary region ( Figs; 
12-25 ). | 

The basal cell cb also contributes to the 
organization of the embryo. A part of the 
hypocotyledonary region, the hypophyseal 


portion and the root cap are organized 
by the derivative cells of cb. | 

In Vrola tricolor, the first division in cas 
is ‘either vertical or transverse (Singh, 
1956), and the cell ch ( Souèges, 1948 ) 
divides by a transverse wall. In Ioni- 
dium suffruticosum, on the other hand, itt 


- Developmental stages of embryo. (c&, apical cell; cb, basal cell; e, epiphysis; 


Fics. 26-30 — Stages in organization of seed coat. (end, endosperm; it, inner integument; 
nu, nucellus; ot, outer integument). Figs. 26-28 & 30. x 485. 


undergoes an oblique division. In any 
case the whole of cb contributes to the 
embryo and no suspensor is formed. The 
embryo development thus corresponds to 


the 2nd Group III Megarche type of 
Souèges ( 1948 ). 

SEED COAT — The seed coat is organiz- 
ed by both the integuments. The inner 
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integument is composed of three layers 
of which the middle layer has vacuolate 
cells (Fig. 26). As the seed matures, 
this layer becomes completely crushed 
and destroyed ( Figs. 27-30). Meanwhile 


the outer layer becomes conspicuously 
thickened and shows ramiform pits ( Figs. 
29, 30). 


The inner layer remains intact 


= 
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Fics. 31-35 — Developmental stages of aril. 
Fig. 31. L.s. ovule showing the swollen portion 
on the raphe. x 107. Fig. 31a. Enlarged portion 
of aril marked a in Fig. 31. x 339. Fig. 32. L.s. 
seed to show prominent aril. x 25. Fig. 33. 
Same, at a later stage. x 25. Fig. 34. Lis. 
mature seed with aril on the raphe, embryo and 
persistent endosperm. x 15. Fig. 35. Surface 
view of seed with the aril. x 15. 
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throughout the development of the seed 
( Figs. 26-30 ). 


The outer integument is also three- | 
Its outermost | 
layer becomes thickened and shows a | 
lamellate structure ( Figs. 29, 30). During | 
the organization of the seed coat the two | 
inner layers become more or less crushed || 
Of these two layers only | 
a few cells here and there persist ( Figs. | 
Netolitzky (1926) and Singh | 
(1956) have reported the presence of ox- | 
alate crystals in the seed-coat of certain | 
In Zonidium suffrutico- | 


layered (Figs. 26-30). 


(Figs. 27-30). 
29, 30). 


species of Viola. 
sum they are absent. 


ARIL — The aril begins as a small hump | 
on the raphe as a result of divisions in the | 
epidermal and hypodermal layers ( Figs. | 
The swollen fleshy structure | 
thus formed on the outer portion of the | 
raphe ( Figs. 31, 32) persists in the seed | 
A similar structure is | 
seen in Viola tricolor where it arises by the | 
proliferation of the micropylar cells of the | 
outer epidermis of seed coat (Singh, 1956). | 

Fruit — The fruit is an ovoid loculi- | 


31, 31A). 


( Figs. 33-35). 


cidal capsule with a few seeds borne on 
parietal placentae (Figs. 36, 39). 


consists of seven to nine layers ( Fig. 37 ) 
and is many layered at the placental 
region (Fig. 38). 
near the apex of the fruit shows prominent 


placental ridges alternating with deep, | 


narrow grooves (Fig. 48). The placental 


bundle is more conspicuous than the | 


dorsal bundle. 

In the wall of the fruit two to three 
layers of cells become prominent because 
of their dense stain. They extend all along 
the fruit wall lying external to the placen- 
tal bundles and internal to the dorsal 
bundles (Figs. 39-42). During further 
development they become fibrous and 
strongly lignified ( Figs. 43-45). In the 
region of the placental ridges these fibres 
show pits whereas in the region of the 
dorsal bundles they are without pits 
( Figs. 44, 45). 


The | 
style and stigma persist up to a rather | 
late stage ( Fig. 50). The young fruit wall | 


A transverse section | 


The orientation of fibres in the wall | 
appears to be of considerable importance — 


in the mechanism of dehiscence. 
obliquely oriented fibres lying outside the 
placental bundle prevent the breakdown 


The 


FıGs. 36-52 — Mechanism of dehiscence of fruit. (g, groove; ie, inner epidermis; oe, outer 
epidermis; pr, placental ridge). Fig. 36. T.s. ovary. x 33. Fig. 37. Portion of ovary wall marked a 
enlarged in Fig. 36. x 323. Fig. 38. Placental ridge showing multilayered ovary wall and placental 
bundle. x 162. Fig. 39. T.s. fruit showing deeply stained layers x and the placental and dorsal 
bundles. x 17. Fig. 40. Enlarged portion of ovary wall marked a in Fig. 39. x 226. Fig. 41. T.s. 
fruit at a later stage. x 10. Fig. 42. Enlarged portion of fruit wall at the region marked a in Fig. 
41. x 226. Fig. 43. T.s. fruit just before dehiscence to show the distribution of fibres marked 
x. x 10. Fig. 44. Magnified view of portion marked a in Fig. 43. x 226. Fig. 45. Magnified view 
of portion of fruit wall marked b in Fig. 43, showing obliquely oriented fibres x below the outer 
epidermis and conspicuously elongated cells below the fibres. x 43. Fig. 46. T.s. fruit showing 
dehiscence at dorsal suture a. x 10. Fig. 47. Magnified view of portion of fruit wall in the region 
of dehiscence marked a in Fig. 46. x 226. Fig. 48. T.s. fruit wall through top showing thick pla- 
cental ridges and conspicuous inner grooves. x 17. Fig. 49. Magnified view of portion of fruit 
wall marked a in Fig: 48. x 72. Fig. 50. Diagram of fruit just before dehiscence. Fig. 51. Later 
stage of same showing splitting of fruit at the top. Fig. 52. Fruit completely dehisced into 3 valves 
with seeds still attached ( diagrammatic ). 
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of this portion of fruit wall (Figs. 43, 
45,46). The cells between the placental 
bundle and the fibres are radially elon- 
gated and thickwalled (Fig. 45). They 
provide additional protection and also 
retain the contour of the placental ridge. 
The vertically oriented cells lying opposite 
the grooves do not offer sufficient strength 
in the narrow region of the fruit wall and 
easily break down ( Figs. 46-49 ). 

The continued pressure, exerted by the 
developing seeds, makes the drying fruit 
wall split open along the region of grooves 
from apex downwards ( Figs. 48, 49, 51°). 
Moreover, the fruit wall is very thin below 
the groove. The ‘tearing effect ’ extends 
downwards and the three valves get 
separated along the grooves except at the 
base where they are still attached to the 
common pedicel (Fig. 52). 


Summary 


The endosperm is nuclear. Dense ag- 
gregations of endosperm nuclei are found 
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around the embryo and in the chalazal | 
region. Cytokinesis takes place at a later 
stage and commences from the micropylar | 
end downwards. 

The embryogeny is described in detail, 
and it is shown that both the apical and | 
the basal cells take part in the organization | 
of embryo. The development corresponds 
to the 2nd Group III Megarche type of | 
Souèges. | 

The seed-coat is organized by both the | 
integuments which are three-layered. | 
The two inner layers of the outer integu- | 
ment and the two outer layers of the inner 
integument are more or less consumed; | 
only a few cells of these layers persist here | 
and there. | 

The arilloid structure on the seed deve- 
lops from the raphe. 


The structure of the fruit and the | 
mechanism of its dehiscence are described | 


in detail. 

I wish to thank Professors P. Mahesh- 
wari and K. N. Narayan, and Drs. B. M. 
Johri, M. A. Rau and K. Subramanyam 
for their suggestions and interest. 
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THE DEVELOPMENT OF THE VASCULAR SYSTEMS OF 


MACROPIPER EXCELSUM FORST. — II. THE MATURE STEM* | 


ENA BALFOUR 


University of Canterbury, Christchurch, New Zealand 


In a previous paper ( Balfour, 1957 ) the 
developmental anatomy of the embryo 
and seedling were described. In this 
second part, a similar study of the mature 


vegetative stem is described. Together, 


both parts of this paper trace the pattern 
of vascular development in time and 
space, within Macropiper excelsum. 


*This paper is taken from part of a thesis presented for the degree of M.Sc. (New Zealand ) 
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Materials and Methods 

Most of the study of the mature shoot 
was carried out on material of Macropiper 
excelsum var. major collected from a plant 
cultivated in Auckland, November 1955. 
Shoot apices were also collected of 
M. excelsum from Governor’s Bay, Banks 
Peninsula, February 1956. The fixative 
used in each case was formalin-acetic- 
alcohol. Tertiary butyl alcohol was used 
to dehydrate material, which was then 
embedded in paraffin ( Johansen, 1940 ). 
Sections were cut at 6-8 u and stained with 
either safranin and fast green ( Johansen, 
1940 ), or tannic acid/orange G ( Sharman, 
1943). The latter was found to give the 
best results as differentiation of the vas- 
cular system could be traced to a very 
early stage. Young phloem sieve ele- 
ments and xylem vessels were shown up 
clearly. 

For a study of the wood, stems were 
macerated using the method given by 
Foster ( 1949 ), stained with safranin and 
mounted in glycerine jelly. 

Sections through a mature stem of dia- 
meter 3 in. were prepared by the Forest 
Research Institute, Rotorua, from a speci- 
men supplied by the Wellington Botanic 
Gardens. 

Dr C. R. Metcalfe, Royal Botanic 
Gardens, Kew, very kindly supplied mate- 
rial of mature shoots of Macropiper excel- 
sum Forst. which had been used for the 
description in Metcalfe & Chalk, Ana- 
tomy of the Dicotyledons. 


Anatomy 


The apex of the mature vegetative stem 
of Macropiper excelsum was studied in an 
attempt to see how far a knowledge of 
developmental phenomena would reveal 
the nature of the mature stem anatomy. 
However, before discussing such pheno- 
mena, it may be helpful to describe the 
mature stem. 

TISSUES OF THE MATURE STEM: As seen 
in transverse section of an internode, these 
are arranged in several concentric rings. 
The epidermal cells have irregularly con- 
vex outer walls, over which lies a thick 
cuticle. Beneath the epidermis is a row 
of large, regular cells. The cortex is com- 


BALFOUR — DEVELOPMENT OF VASCULAR SYSTEMS OF M. EXCELSUM 225 


posed of collenchyma and parenchyma. 
In young internodes these tissues are in 
two concentric rings ( Fig. 1) but in older 
stems the collenchyma may occur in iso- 
lated patches when the ring becomes dis- 
sected by parenchyma (Fig. 2). Cortical 
parenchyma is generally photosynthetic, 
chloroplasts being present in the cells. 

Endodermis is present in the stem but, 
as Bond (1931) found, it is developed to 
varying degrees in different parts of the 
same stem. Internodes of mature shoots 
may have a continuous endodermis though 
in some it is present only over the outer 
vascular bundles. Cells in such positions 
have regular Casparian thickenings ( Fig. 
3), but in interfascicular regions the 
thickenings tend to be irregular ( Fig. 4); 
not only do they occur on radial walls but 
also on the outer tangential walls of 
endodermal cells. 

Internally the peripheral bundles are 
bounded by a sinuous zone of scleren- 
chyma. In older stems this may be rup- 
tured during subsequent growth in thick- 
ness. The pith consists of loosely packed 
parenchyma. 

The vascular system, when seen in tran- 
section through young internodes, appears 
as two concentric rings of bundles. The 
peripheral ring contains larger and smaller 
bundles, while the internal, or medullary 
ring is made up of uniform bundles ranging 
in number from3to12. Fibres may occur 
above the phloem in bundles of both rings, 
but endodermis is never found associated 
with medullary bundles. Cambium forms 
early between phloem and xylem of all 
bundles, and later extends across the 
interfascicular areas in the peripheral ring 
to become united into a continuous cylin- 
der. Bond’s observation (1931) that 
endodermal cells may function as cambial 
initials was confirmed during this study. 

Secondary growth occurs to a limited 
extent in the medullary bundles, but 
considerable wood may be developed in 
the peripheral ring. 

Woop AnAToMY: Vessels — Mostly very 
small (mean tangential diameter 25 u) 
almost exclusively solitary in mature wood 
but with a tendency to the formation of 
longer multiples and irregular clusters 
in young wood and also in medullary bun- 
dles; 25-30 per sq. mm; diffuse-porous. 


cuticle & | 

epidermis 
parenchyma | 
collenchyma 
sclerenchyma 


Fiss, 1-4, 
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Annular and spiral thickenings were ob- 
served in the small vessels and in the pro- 
toxylem elements, and in mature wood 
predominantly scalariform thickening and 
simple pits. In young wood scalariform 
perforation-plates were found. Solereder 
(quoting DeBray, 1886) refers to occasion- 
al scalariform plates with a few bars in 
Piper, and Dadswell and Record ( 1936 ) 
also mention a tendency to scalariform 
perforation-plates in this genus. Intervas- 
cular pitting alternate, pits to parenchyma 
simple, mean member length 0-3 mm. 

Parenchyma — Scanty, paratracheal. 
Xylem rays which develop late in the 
secondary wood begin as parenchyma 
strips 3-6 cells wide, and increase in width 
until 11 or more cells wide. The inter- 
fascicular cambium gives rise to broad 
medullary rays up to 40 cells wide which 
extend through the length of the inter- 
node. Uniseriate rays are absent. Two 
types of cells occur in the rays: smaller, 
radially-elongated ( procumbent ) cells and 
larger upright cells. However, the rays 
are not heterogeneous in the sense of wood 
anatomists, since both types intermingle 
and upright cells are not confined to the 
upper and lower limits of the rays. It is 
interesting to note that upright paren- 
chyma cells are predominant in xylem 
rays, whereas in medullary rays a more 
equal distribution of hoth morphological 
cell types occurs. Xylem rays do not 
extend for the length of an internode. In 
tangential longitudinal section a network 
of fibres is seen, dissected by this ray 
parenchyma. 

Fibres — These make up the bulk of 
the secondary xylem, especially in the 
peripheral ring, and are characterized by 
simple pitting predominantly on radial 
walls, and the occasional presence of 
septate elements. Mean length 0-82 mm. 

All wood elements of Macropiper are 
non-storied. 
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No annual rings occur in this species, 
only ill-defined growth-rings. These are 
due to narrow continuous bands of smaller 
and more lignified elements occurring at 
irregular intervals in transection. Unlike 
typical annual rings, there is no gradation 
in cell size and thickening but rather a 
sudden band of small elements. 

COURSE OF THE BUNDLES — At the node 
the vascular bundles, which supply the 
leaf, and which collectively will be referred 
to as the leaf-trace, pass from the petiole 
into the stem and become inserted among 
the bundles of the peripheral ring. Al- 
though the number of bundles constituting 
such a complete foliar trace may vary, it 
would appear from this study that for 
Macropiper excelsum the basic number is 
11, in contrast with the 9 bundles which 
Rousseau ( 1927) describes as general for 
the genus Piper. Using the scheme 
devised by Rousseau, the size and position 
of the bundles allow the following names 
to be given: a median bundle (M), two 
lateral bundles (L), two intermediates (7), 
two marginal (m), two ultimate (x), and 
two stipular bundles (si), as shown by the 
formula: 

st, u, m, L, 1, M, 1, L, m, u, st 

As the trace passes inwards from the base 
of the petiole, the individual bundles 
become arranged between branches from 
the bundles of the next higher leaf ( black) 
seen in Fig. 5, d-f. Not all of the bundles 
of a complete foliar trace branch in this 
manner ( M and i do not), so that finally 
in the lower internode (5, /) an incom- 
plete foliar trace (black) together with the 
complete foliar trace (stippled) constitutes 
the peripheral circle of bundles. 

After traversing one internode in the 
peripheral ring, the bundles of any foliar 
trace pass inwards into the pith and 
become inserted on the bundles already 
present there. However, as has already 
been described in the previous paragraph, 


Fias. 1-4.— Fig. 1. 


T.s. young internode showing continuous endodermis, also concentric zones 


of collenchyma and parenchyma. Fig. 2. T.s. young internode, in which collenchyma is not in 


a continuous ring. 


Endodermis occurs only over phloem of outer ring of bundles. 


Fascicular 


cambium (x) has formed within peripheral bundles. Figs. 3 & 4. Camera lucida drawings of 
endodermal cells, showing regular Casparian thickening in such cells overlying vascular bundles 
(Fig. 3); irregular thickenings occur in endodermal cells in interfascicular regions (Fig. 4). 


Fig. 5. 


BALFOUR — DEVELOPMENT OF VASCULAR SYSTEMS OF M. EXCELSUM 


certain bundles of the complete foliar trace, 
namely L, m, u, and st, branch at the node, 
the smaller branch remaining in the peri- 
pheral circle for the length of the next 
internode. Rousseau stated that it was 
M, L, m which branched to give the in- 
complete foliar trace of the lower inter- 
node; this study shows that the pattern 
may vary, all bundles having the poten- 
tiality to divide but at any one node only 
a limited number of neighbouring bundles 
from the higher leaf do so. 

At the level at which the foliar trace 
begins to pass inwards into the peripheral 
ring of bundles, the medullary bundles 
are seen to anastomose and small vascular 
bridges are formed between the peripheral 
and medullary bundles. This does not 
occur simultaneously across the node: 
it is an oblique rather than a transverse 
‘girdle’ which is formed. However, 
Rousseau’s term ‘girdle’ (ceinture) is 
misleading, because it can be seen from 
Fig. 5, d-f that the bundles which lie in the 
pith do not become linked into a simple 
ring but rather into groups of neighbouring 
bundles. 

Immediately below the level at which 
these branches are given off, the larger 
peripheral bundles { except M ) from the 
leaf above ( black ) are also seen to form 
vascular bridges. Each of the larger 
peripheral bundles divides into a small 
branch which continues in the outer circle 
and a larger branch which passes inwards 
to become inserted on the medullary 
bundles already present in the pith. The 
remaining peripheral bundles of that trace 
do not branch but pass in as a whole to the 
medullary bundles. 

The peripheral ring includes bundles of 
a cauline nature as well as foliar bundles. 
However with the development of suc- 
cessive foliar traces at the apex of a shoot 
this character is obscured, and can only be 
recognized when developmental studies of 
both seedling and mature shoots are made. 
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Having traced the course of the bundles 
which supply the leaf, and followed the 
method of insertion of such bundles first 
into the peripheral ring, then at the lower 
node into the medullary ring and finally 
observing small branches from medullary 
bundles passing outwards again into the 
peripheral ring at the second node below 
leaf insertion, the pattern of bundles in the 
internode may now be described. The 
larger bundles which lie in the peripheral 
ring belong to the leaf of the node above 
(see Fig. 5a, 1) and between them lie 
smaller bundles which are peripheral con- 
tinuations of the trace of the next higher 
leaf. These two sets of bundles, termed 
by Rousseau the complete and the in- 
complete foliar traces, constitute the outer 
vascular ring. It is this ring which 
becomes united by a continuous cambium 
producing secondary wood and ray paren- 
chyma, thereby supporting the belief that 
the bundles which lie in the pith are medul- 
lary bundles, rather than that those of the 
outer ring are cortical bundles. The 
medullary ring of bundles, small in number 
compared with the outer ring, never 
becomes joined by cambium across the 
interfascicular areas, and shows secondary 
thickening only to a limited degree. 


Apical Organization 


The prospective vascular region of di- 
cotyledons is blocked out below the apical 
meristem and becomes visible through 
changes in stainability of the apical deri- 
vatives. The ground tissues become in- 
creasingly vacuolated and increase in size, 
while the future vascular area retains its 
chromaticity or even becomes more chro- 
matic than the apical meristem. At the 
same time its cells become elongated and 
radially narrow through repeated divi- 
sions in a longitudinal plane. Because this 
meristem often assumes the form of a ring 
in transections of stems, Helm (1931) 


Fic. 5. 
present in the lower internode. 


Series of diagrams illustrating insertion of leaf-trace (stippled ) among the bundles 
Note that the peripheral ring finally contains the complete foliar 


trace (stippled ), together with part of the higher trace ( black ), while the medullary bundles are 


made up of certain bundles of the higher leaf-trace. 


See text for further details. 


Fics. 6, 7, 
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named it “ meristem ring ’’. Louis ( 1935 ) 
chose the less specific term ‘‘ prodes- 
mogen ” to indicate that desmogen, or 
procambium, is initiated in this meristem. 
Kaplan (1936) preferred the less specific 
designation ‘‘residual meristem ‘’ because, 
as he pointed out, the densely meristematic 
area delimited beneath the apical meristem 
may include more than the future vascular 
region. ‘‘ Residual meristem, having the 
meaning of a derivative of the apical 
meristem in which differentiation is less 
obvious than in the adjacent ground 
tissue, lends itself particularly well for the 
description of the initial vascularization 
phenomena ”’ ( Esau, 1954). 

However, “ procambial differentiation 
occurs so close to the apical meristem that 
usually when the future vascular region is 
clearly delimited it constitutes not a homo- 
geneous residual meristem but contains 
parts that may be identified with pro- 
cambium ” ( Esau, 1954). 

In Macropiper the morphology of the 
apex of the mature shoot is variable; it 
may appear as a slightly convex plate of 
cells lying to one side of the youngest leaf, 
or as a domed mass of cells, enclosed by 
the petiole of the youngest leaf. Such 
differences in shape of the apex are cor- 
related with the plastochrone. 

Two tunica layers are present. Cell 
divisions are predominantly at right angles 
to the surface although in the subepider- 
mal layer local periclinal divisions occur 
in a particular area which is probably the 
first indication of the next leaf which will 
form at the apex. These tunica layers 
overlie a mass of meristematic cells, the 
corpus, within which cell divisions take 
place in many directions. 

Below the corpus the apical derivatives 
become organized into zones due to differ- 
ing developmental changes among the 
cells. All the cells increase in size and 
degree of vacuolation with the result that 


. 


stainability falls off below the apical 
meristem. 

DIFFERENTIATION OF THE PROCAMBIUM: 
The first indication of development of 
provascular tissue below the apical meri- 
stem is the formation of the ring ( or two 
discrete arcs ) of meristematic tissue from 
cells of the differentiating ground-tissue. 
This meristem gives rise to the medullary 
bundles and, using the name applied to a 
similar tissue in the seedling ( Balfour, 
1957 ), may be termed the central cauline 
meristem (Figs. 6, 7). However, pro- 
vascular tissue does extend higher than 
this level: the median bundle of the young- 
est leaf at the apex is continuous from 
below with the mature vascular system 
and develops acropetally into the leaf. 
Immediately below the level of origin of 
the central cauline meristem, where dis- 
crete medullary bundles are forming, this 
bundle becomes inserted into the medul- 
lary ring ( Fig. 6). The remaining bundles 
which supply this leaf develop bidirec- 
tionally from a point near the base of the 
leaf and finally insert themselves onto the 
medullary system in a similar manner to 
that already described in the seedling. 

Between the foliar bundles from L, 
there arises another provascular system — 
the peripheral cauline meristem, which . 
develops at a lower level in the axis than 
the central cauline meristem ( Figs. 6, 7 ). 
This arises from cells of the ground-tissue 
lying between the bundles from the second 
youngest leaf. Extending for the length 
of the internode it appears not as a homo- 
geneous provascular tissue but rather as 
a meristematic zone within which peri- 
pheral cauline bundles differentiate. Both 
rings of vascular tissue, that is to say, 
medullary and peripheral, are blocked out 
by the continuing differentiation of the 
remaining cells of the ground-tissue as it 
gradually assumes the characteristics of 
parenchyma. 


Fics. 6, 7. Diagrams of successive t.s. below apex showing formation of central cauline 


meristem from which develop medullary bundles. 
the peripheral bundles which are the trace to the second leaf. 
meristem forms between the principal foliar bundles and forms smaller cauline bundles. 


basipetal development of the lateral bundles of Z; in Fig. 6. 


text. 


Fig. 6. The peripheral cauline meristem links 
Fig. 7. The peripheral cauline 
Note the 
Further explaration given in the 
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Both the cauline meristems form pro- 
cambial strands acropetally. The procam- 
bial strands of the foliar trace, however, 
with the exception of the mid-rib, develop 
basipetally to become linked with the more 
mature parts of the vascular system of the 
shoot. Fig. 6 shows the basipetal deve- 
lopment of two of the three subsidiary 
foliar bundles ( stippled ): the third bundle 
is seen to become inserted onto the cau- 
line medullary system. Fig. 7 shows the 
fusion of the two subsidiary foliar bundles 
with the cauline bundles ( direction indi- 
cated by the arrows), while the mid-rib 
retains its identity. 

It is interesting to note in Fig. 6 that 
five smaller bundles of the foliar trace lie 
between the principal bundles. At the 
level of the node all the foliar bundles 
become linked by the peripheral cauline 
meristem, which forms cauline bundles 
( white ) only between the remaining large 
foliar bundles. This provides evidence 
for the interpretation of the smaller peri- 
pheral bundles as being initially cauline 
and on which later formed foliar bundles 
become inserted. 


Discussion 


Although the family Piperaceae to 
which Macropiper belongs is grouped 
within the dicotyledons, affinities with 
monocotyledons have been suggested on 
the grounds of scattered bundles in the 
internodes (Ironside, 1911; Hoffstadt, 
1916). Developmental studies have 
shown this to be a superficial resemblance. 
However, during the course of this study 
it was noted that Macropiper has only one 
prophyll, a feature associated with mono- 
cotyledons. Indeed, the many unusual 
features of the vascular systems of Macro- 
piper, as described in both parts of this 
paper, suggest that this genus and the 
family to which it belongs may form an 
isolated group not closely related to other 
dicotyledons. 

A study of the wood anatomy showed a 
number of primitive features ( see Bailey, 
1954): there is an absence of storied ele- 
ments; vessels are of medium length and 
tend to be radially narrow; scalariform 
perforation-plates are found in vessels of 
young wood; the parenchyma of secondary 
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wood is mainly paratracheal, with the 
exception of narrow xylem rays. A stem- 
endodermis as described by Bond ( 1931 ) 
is present. Although no anastomosing 
between bundles occurs in the internodes, 
tangential longitudinal sections show the 
secondary wood to be dissected by xylem 
rays of variable length. 

Perhaps the most interesting feature of 
the Piperaceae, and the one that forms 
the principal theme of this study, is the 
arrangement of the primary vascular 
bundles. The gross features of the mature 
stem are well known and have been des- 
cribed frequently, particularly fully by 
Rousseau (1927). Little modification 
would be made to these accounts as a 
result of the present investigation. The 
main features of the course of the primary 
bundles in the mature stem may be sum- 
marized as follows: 

In each internode there are two rings of 
bundles, at each node they are united 
tangentially and radially in a complex and 
not strictly regular manner, while an arc 
of bundles, the leaf-trace, runs out into the 
leaf sheath. 

From the point of view of development, 
the vascular system of Macropiper excel- 
sum Forst. consists of three categories of 
bundles: 

(a) bundles which develop continuously 
acropetally in the pith, i.e. the mid- 
ribs, and the medullary bundles which 
form in the central cauline meristem 

(b) bundles which develop basipetally 
from the leaves and extend down- 
wards through one internode, form- 
ing the principal peripheral bundles 

(c) the remaining peripheral bundles 
which develop from the peripheral 
cauline meristem and are confined 
to the extent of one internode. 

This arrangement is remarkable in the 
basipetal development of the lateral foliar 
traces and in the presence of a distinct 
cauline system on which the foliar system 
is inserted. A discussion on the occur- 
rence of these two features among other 
dicotyledons, as well as the evidence, from 
developmental anatomy of the seedling, 
for believing Macropiper to exhibit both 
features, has been given elsewhere ( Bal- 
four, 1957). The apical development of 
adult stems confirms this belief, 
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The lateral strands of the trace which 
supply the young primordia originate 
in the vicinity of leaf insertion and deve- 
lop acropetally into the leaf and basi- 
petally into the axis. There they become 
inserted onto medullary bundles which 
develop acropetally from the central cau- 
line meristem. 

Another cauline meristem arises in the 
stem by dedifferentiation of cells of the 
cortex — the peripheral cauline meristem. 
This meristem and the central cauline 
meristem are both formed when differen- 
tiating cells of the ground-tissue resume 
meristematic activity, and are not conti- 
nuous with the apical meristem, that is to 
say, they do not constitute a residual meri- 
stem as described by Kaplan ( 1936, 1937 ) 

In Piper nigrum, Kaplan (1936) des- 
cribed two concentric rings of procambium 
in the lower part of the second internode. 
These arose through two processes: 

(i) through the formation of procam- 
bium from the meristematic central 
part, and from the base-meristem 
arc of L? 
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(ii) the second ring formed from the 
base meristem through fusion of the 
residual-meristem  (7est-meristem ) 
of the first base. 

That is to say, each provascular ring is 
described by Kaplan as directly connected 
with meristematic derivatives of the apical 
meristem. 

This development is in contrast to that 
described for Macropiper excelsum in the 
present paper, in which the provascular 
meristems below the apex are not conti- 
nuous with the apical meristem. 
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Introduction 


In a previous paper, the development of 
vegetative leaves of the fern Osmunda 
cinnamomea L., from their inception at the 
shoot apex through crozier formation and 
pinna initiation, was described ( Steeves & 
Briggs, 1958). At the end of this de- 
velopment, the upper portion of the leaf 
axis is coiled through more than 3 full 
turns in an adaxial direction. This early 
phase of growth occurs at a relatively slow 
rate, requiring nearly 4 growing seasons 
for its completion under normal condi- 
tions; and crozier and pinna formation are 
restricted to the fourth growing season. 
At the completion of this long period of 
development, the vegetative fronds have 
an average height of only 5 or 6 cm. 
By contrast, the development of vegetative 
fronds which takes place during the fifth 
and final growing season is dramatic and 
rapid. During a period of as little as 5 to 
7 weeks, a vegetative frond uncoils and 
expands above ground and may attain a 
height of over 60 cm. Furthermore, the 
extent of cellular enlargement and dif- 
ferentiation which occurs is enormous in 
contrast to that associated with all pre- 
vious growth and development. 

The present paper will discuss the 
expansion and maturation which occurs 
during the fifth and final growing season. 
This report will be supplemented by a 
further communication dealing with histo- 
logical and physiological details of the 
process of crozier uncoiling. The auxin 
relationships of developing fronds and 
factors responsible for the cessation of 
elongations in the leaf axis will also be 
considered in later articles. 
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Material and Methods 


It is possible to place India ink marks 
at regular intervals on the backs of 
dormant fronds or fronds just breaking 
dormancy, and to follow the pattern of 
growth by observing the separation of 
these marks as the fronds expand and 
become mature. This technique, used by 
Wetmore & Pratt (1949), shows the 
distribution of elongation with fair accu- 
racy. It is necessary to renew the marks 
about once a week, and as the crozier 
uncoils, new marks must be placed on the 
region of rachis exposed, since it is im- 
possible to place marks on more than the 
outer 270° of a crozier without damaging 
the developing pinnae. The young fronds 
are covered by a very dense greenish 
brown hair which must be removed prior 
to marking. This treatment does not 
appear to affect the normal growth pattern. 

Where information pertaining to cell 
lengths was required, it was obtained by 
direct measurement with a calibrated 
ocular micrometer. Measurements were 
made only on cells of the ground tissue 
external to the leaf trace, and care was 
taken to avoid the distinctive cells of the 
hypodermal zone beneath the epidermis. 
Cells were measured along an axis parallel 
to the long axis of the leaf, in both the 
abaxial and the adaxial regions of the 
rachis, and at least 30 cells were measured 
in each position in each case. Most of 
these measurements were made on sections 
of leaf rachis prepared by the histological 
methods previously described ( Steeves & 
Briggs, 1958). These were supplemented, 
however, by measurements made on free- 
hand sections of fresh material stained 
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with 0-1 per cent aqueous neutral red dye. 
The ease and rapidity of the latter method 
was especially helpful in establishing cell 
lengths in specific regions of fronds which 
had been observed during their growth. 


Observations 


EVIDENCE THAT APICAL GROWTH OF 
LEAVES IS ESSENTIALLY COMPLETE AT 
THE BEGINNING OF THE FIFTH GROWING 


SEASON — In considering the expansion . 


of fronds during their fifth and final 
growing season, it was of interest to 
know whether or not pinna initiation and 
apical growth are completed before this 
final phase of development begins. To de- 
termine whether or not additional pinnae 
are initiated during the final growing sea- 
son, observations were made on fronds at 
various stages just before and during their 
final expansion. First, 2 dormant plants 
were dissected and the tightly coiled vege- 
tative fronds of the next growing season 
were removed from the apical bud. These 
were dissected and all pinnae, including 
the smallest protuberances visible under 
a dissecting microscope, were counted. 
The figures obtained, therefore, include 
the lobes of the terminal pinna in 
addition to the separate lateral pinnae. 
The results of these counts are shown in 
Table 1, the fronds being numbered from 
the outside. At the same time, a second 
series of plants was placed in the green- 
house and allowed to develop until the 
fronds had reached maturity. Similar 
counts of pinna numbers were made on 
these mature fronds and the results are 
also given in Table 1. It may be seen 
that in both series the numbers of pinna 
pairs on the fronds of any given plant are 
relatively uniform. Thus, there is a 
constancy in the total number of pinnae 
on the fronds of any one plant, whether 
dormant or mature. 

Once this constancy-had been establish- 
ed, it was possible to determine whether or 
not any pinnae are added during the fifth 
growing season. A third series of plants 
was placed in the greenhouse, and on these 
plants certain fronds were collected as 
soon as they emerged from the bud and 
could be removed without damage to the 
remaining fronds. The rest of the fronds 


TABLE 1 — NUMBERS OF PINNA PAIRS 
ON SUCCESSIVE VEGETATIVE FRONDS 
IN DORMANT AND MATURE 


CONDITIONS 
PLANT FROND NUMBER 
a LS = —\ 
1 2 3 4 5 6 7 
Dormant 
33 36 34 32 34 34 31 
2 32 32 28 32 NN 
Mature 
26 27 29 26 26 —_— — 
2 31 30 31 
3 30 32 32 


TABLE 2 — NUMBERS OF PINNA PAIRS 
ON FRONDS JUST EMERGING FROM 
THE BUD AND ON MATURE FRONDS 
OF THE SAME PLANTS 


PLANT FROND NUMBER 
c == = 
1 2 3 4 5 6 7 

1 350031 03610036 7 nn 
2) 348036403783 6 39 — — 
3 ASIA 34; 
4 35 34 32* — 33* 34 — 
5 34 33 RP N eh Vig ate 
6 39 87 SOM ESOT E63 
7 EEE PAT EI 3232: 


*Fronds just emerging from the bud. 


were allowed to develop to maturity. 
On some plants, the fronds collected just 
after the breaking of dormancy ( usually 
about a week from the time that the 
plants were placed in the greenhouse ) 
were the outermost, and on others, the 
innermost. The pinnae on all fronds of all 
plants were counted as before, with the 
results shown in Table 2. Numbers with 
asterisks represent fronds taken just as 
they emerge from the bud; numbers with- 
out asterisks represent fronds allowed to 
develop to maturity. Since there is only 
a slight difference in the number of lobes 
between fronds just emerging from the 
bud and mature fronds of the same plant, 
it is clear that there is at the most a very 
small increase in the number of pinnae 
during final expansion. This increase 
could well be accounted for by an addition 
to the number of lobes on the terminal 
pinna, and thus need not represent any 
real addition of new pinnae. It must be 
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kept in mind, however, that these obser- 
vations do not rule out the possibility of a 
limited addition of pinnae prior to the 
emergence of the frond above ground. If 
apical growth does occur at this time, 
however, it is of brief duration and of only 
slight significance in the total development 
of the frond. 

An examination of the apical regions of 
leaves in longitudinal section, at different 
stages of development during the fifth 
growing season, gives further evidence that 
apical activity is at best very much re- 
duced at this time, at most continuing 
only briefly after the fronds have broken 
dormancy. It was shown earlier ( Steeves 
& Briggs, 1958 ) that young leaf primordia, 
during at least the first 4 growing seasons, 
possess a well-defined apical cell. Fig. 1 
illustrates the apical region of a dormant 
frond fixed during the winter preceding its 
fifth growing season. An apical cell is 
clearly distinguishable from the cells 
around it (arrow) but it is not quite as 
large in relation to the surrounding cells 
as it appeared in earlier stages ( see Steeves 
& Briggs, 1958, Figs. 3-7). Two divi- 
sion figures are visible near its base. 
Fig. 2 shows the apical region of a frond 
which has been growing for 1 week during 
its fifth growing season. Although the 
nuclei of several cells at the very apex 
appear larger than those of surrounding 
cells, no clearly defined apical cell is 
visible, nor was one visible on any of the 
adjacent sections on either side. It seems 
possible that the original apical cell has 
become subdivided, and is now represented 
by a group of marginal initials of the ter- 
minal pinna. A final determination of 
this fact must await a detailed study of 
pinna development. Four other fronds, 
all of which were a week or more out of 
dormancy, were investigated; and in none 
of them could an apical cell be located. 
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It is possible to demonstrate experi- | 


mentally that the leaf apex plays an in- 
significant role in development during the 
fifth growing season. If the apex of a 
leaf just emerging from the bud is excised 
in such a way that the surrounding tissue 


is undamaged, total leaf growth is essen- | 
tially unaffected. The leaf at maturity | 
By con- | 


simply lacks a terminal pinna. 


trast, experiments to be reported elsewhere | 


show that if the apices of leaves at various 
younger stages of development are re- 
moved, at least in sterile culture, although 
the remaining bases elongate somewhat, 
no crozier is formed. Thus it would seem 


that while the leaf apex is essential to | 


early development through crozier forma- | 
tion, it plays an unimportant role during | 


leaf expansion and maturation. 


THE DISTRIBUTION OF GROWTH DURING | 


THE FIFTH GROWING SEASON — In the 


dormant bud, the current year’s fronds are | 
tightly encased within the expanded and | 
flaring margins of the cataphylls ( Steeves | 
dormancy is | 
broken, there is first a swelling of the bud | 


& Wetmore, 1953). As 


and the outermost of the current year’s 


fronds force their way upwards, spreading | 
Since fertile | 


the tops of the cataphylls. 
leaves, when present, are outermost in the 


sequence, they appear first, followed with- | 


in 3 to 7 days by the inner vegetative 
fronds. 
development almost simultaneously. 


In a series of dormant plants, the upper ! 


portions of the cataphylls at the outside 
of the apical bud were cut away, care being 


taken not to damage the enclosed fronds, ! 


and the plants were then placed in the 
greenhouse. 


lowest exposed points of the leaf bases, 
just at the bases of the croziers, on the 
centre of the tops of the croziers, and 


_ approximately 180° into the croziers from 


— 


Fıss. 1-6 — Fig. 1. Apex of dormant frond (1.s.) showing single apical cell x 235. Fig. 2. 
Apex of frond (1.s.) one week after breaking of dormancy. No apical cell visible. x 235. 


Figs. 3-6. Habit photographs showing leaves in successive stages of expansion. 
Fig. 3. Approaching end of crozier elevation. 
Fig. 5. Intermediate stage in uncoiling. 


marks on labels is 10 cm. 
first pinnae being set off. 
crozier. Fig. 6. Mature fronds. 


Distance between 
Fig. 4. Rapidly uncoiling; 
Pinnae unfolding below 


The latter appear to start their 


India-ink marks were placed | 
at four locations on the fronds: at the | 
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their bases (Fig. 7A). In some cases, 
the outermost 2 or 3 fronds were marked; 
and in others the outermost were removed, 
and 2 or 3 of the inner fronds marked. 
Fifteen fronds were thus examined, in- 
cluding 11 which were vegetative and 4 
which were fertile; and general observa- 
tions were made on a number of other 
fronds. The positions of the marks and 
the distances between them were recorded 
daily from the breaking of dormancy until 
no further separation of marks could be 
observed. ‘ 


The first phase of growth consisted of an 


elevation of the crozier caused entirely by 
elongation of the straight portion of the 
rachis, and not by uncoiling. There was 
considerable separation of the India ink 
marks, but no change in the position of the 
mark which had been placed on the centre 
of the top of a particular crozier (see 
Fig. 7A, B, C). Elevation continued for 
several days before there was any evidence 
of uncoiling, and the phenomenon was of 
somewhat longer duration in the fertile 
fronds than in the vegetative. There was 
a certain amount of elongation in the 
portion of rachis below the tops of the cut 
cataphylls in these experimental plants, 
but this could not be measured precisely. 
The next segment above (a, Fig. 7), 
which was delimited at the outset of the 
experiment by the tops of the cut cata- 
phylls and the base of the crozier, 
elongated to from 2 to 3 times its original 
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cised to expose fronds. Other details in text. 
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length. The most dramatic elongation, 
however, occurred in the segment of rachis 
(b, Fig. 7) which formed the back of the 
crozier at the outset, and which, in the 
dormant frond, is almost straight. The 
final length of this segment was, in most 
cases, 5 to 8 times its initial length. The 
increases noted were ordinarily even 
greater in fertile fronds. 

The combined effect of the elongation 
in these regions is an elevation of the 
crozier without the involvement of any 
actual uncoiling. However, it is clear 
that during this phase of development, the 
croziers do increase considerably in size. 
Dissections of plants at various stages 
from the beginning to the end of the crozier 
elevation phase indicate that the outer- 
most croziers may double both in width 
and in height, while the innermost may 
actually triple in these dimensions. The 
fronds illustrated in Fig. 3 are at approxi- 
mately the end of the crozier elevation 
stage. 

In the dormant bud, there are con- 
siderable differences in size between the 
innermost and the outermost of the current 
year’s fronds. Thus, the inner leaves have 
croziers considerably smaller in all di- 
mensions than the outer; frequently have 
shorter leaf bases than the outer; and have 
a far shorter segment of rachis set off 
above, and distinct from the leaf base 
than the outer. Furthermore, mature 
sclerenchyma strands, if present at all, 
are found only in the bases of the outer- 
most leaves. In spite of these differences, 
both inner and outer leaves have most of 
their pinnae present as primordia ( see 
Tables 1, 2), and a full number of coils of 
rachis in the crozier (between 3 and 3-1/2). 

Observations made on plants dissected 
at several stages before, during and 
shortly after crozier elevation indicated 
that elongation below the crozier (not 
including segment b, Fig. 7) is restricted 
to a zone ordinarily not exceeding a centi- 
meter in length. The morphological 
nature of this elongating region varies 
with the position of the leaf in the se- 
quence. Thus, in the outermost fronds 
it is composed partially of a segment of 
rachis set off from the crozier by slow un- 
bending during the previous season, and 
partially of the uppermost portion of the 
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morphologically distinct leaf base. On 
the other hand, in the innermost fronds 
it is composed almost exclusively of leaf 
base. 

A gradual onset of crozier uncoiling 
terminates the elevation phase ( Fig. 7C, 
D). At this time the vegetative fronds 
may be between 5 and 15 cm in height, 
under the conditions in which they were 
studied. Fertile fronds ordinarily attain 
a greater height before uncoiling begins. 
A diagram of the development of a 
typical vegetative frond from approxi- 
mately the end of the crozier elevation 
phase to the mature condition is shown in 
Fig. 8 ( see also Figs. 3-6). This diagram 
is based upon records obtained by the 
marking technique described under 
Materials and Methods. Conclusions 
based upon this diagram have been veri- 
fied by studies of a number of other vege- 
tative leaves. The line drawn along the 
tops of the successive illustrated stages 
approximates a typical sigmoid growth 
curve. It is of interest that the growth 
curve of the frond should be typical of 
plant organs in general, in view of the fact 
that the increase in height of the frond is 
the result of 2 distinct processes. Both 
crozier uncoiling, of 10 days’ duration in 
this case, and extensive elongation of the 
rachis below the crozier contribute to the 
increase in stature of the frond. 

An analysis of elongation in the growing 
frond may be obtained by a study of the 
relative separation of marks on the rachis, 
as illustrated in Fig. 8 by the lines joining 
these marks in successive stages. Marks 
which were on the outer 180° of the crozier 
have been projected vertically, as shown 
by the dotted lines. Since the crozier 
maintains its original size while uncoiling, 
it is evident that there is a limited elonga- 
tion of the rachis within the crozier 
similar to the enlargement which occurs 
during the crozier elevation phase. This 
elongation is also indicated by a slight 
separation of the marks on the crozier. 
The diameter of the crozier does not 
decrease until just before the completion 
of uncoiling. 

In the basal region of the crozier, it is 
apparent that there is more growth on the 
adaxial side of the rachis than on the 
abaxial; and this differential elongation 
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brings about uncoiling. In general, 
crozier uncoiling begins rather slowly. 
For example, in the frond illustrated, the 
crozier uncoiled only 90° during the first 
3 days after the beginning of this process. 
By contrast, during the subsequent 5-day 
period, it uncoiled more than 360°, and 
uncoiling continued at an accelerated rate 
thereafter. 

As a given segment of rachis is set off 
below the crozier, it begins a far more rapid 
elongation than that which it has under- 
gone within the crozier. Just below the 
crozier, and extending for a certain 
distance basally, there is a well-defined 
zone in which elongation occurs. This 
zone of elongation may be located in any 
marked frond by noting between which 
points separation occurs during any given 
interval of time. For example, from the 
eighth to the tenth day in Fig. 8, the zone 
of elongation extends from a point above 
the seventeenth centimeter to the base of 
the crozier. Below the zone of elongation 
is a zone of maturation in which the tis- 
sues stop growing and undergo extensive 
cellular differentiation. Maturation pro- 
gresses acropetally, continually restricting 
the zone of elongation from below. 
However, the zone of elongation is con- 
tinually extended above as the crozier - 
uncoils. Therefore, the length of the zone 
of elongation is determined at any given 
stage of development by 2 variables, the 
rate of acropetal maturation and the rate 
of crozier uncoiling. 

In Fig. 9, the length of the zone of 
elongation and the rate of elongation of the 
entire frond are plotted against time. 
The measurements for these graphs were 
taken from the frond illustrated in Fig. 8, 
and the results were confirmed on 2 addi- 
tional fronds. The zone of elongation 
reaches a maximum length coincident with 
the maximum growth rate of the entire 
frond. Since the length of the zone of 
elongation subsequently decreases des- 
pite an acceleration of crozier uncoiling, 
there must be an acceleration in the rate 
of acropetal progress of the wave of 
maturation. 

It is evident from Fig. 8 that different 
segments of the rachis elongate different 
amounts after being set off below the 
crozier, depending upon their relative 


NORMAL LEAF 


ELONGATION 


45 


© le (®) wo 
m WN N as 


SB313NILN39 NI LH9I3H 


10 


24 
13 
APICAL 


20 


16 


TIME IN DAYS 


n 


e— Total growth 


SEGMENT NUMBER 


BASAL 


+ m u Mn 
TVILINI OL HLON3I 1VNI4'‘OILVY 


per doy 

o—o Length, zone of 
elongation, 
per day 


DAYS 


8-10. 


Fics, 


BRIGGS & STEEVES — MORPHOGENETIC STUDIES ON 0. CINNAMOMEA 241 


positions in the frond. In order to deter- 
mine the extent of elongation of successive 
segments of rachis after being set off 
from the crozier, their relative elongation 
from the time they were in the outer 90° 
until they were mature was measur- 
ed. The ratios of final lengths to initial 
lengths ( in the outer 90° ) of these succes- 
sive segments are plotted in Fig. 10. The 
lowest 2 segments in Fig. 8 were not in- 
cluded in the histogram because they had 
already been set off from the crozier during 
the previous season; and the histogram 
begins with the third segment. 

The portion of rachis below the crozier 
at the beginning of the fifth growing 
season, including the first and second seg- 
ments, has been considered previously in 
relation to crozier elevation (see Fig. 7). 
The upper part of this region has been 
shown to undergo an elongation quite 
comparable to, or even greater than, that 
of the third segment. There is, however, 
a lower region which undergoes much less 
elongation; but this zone does not appear 
in Figs. 8 and 10 since it is below the tops 
of the cataphylls and is revealed only after 
partial removal of the cataphylls. Al- 
though it is difficult to make a correlation 
between Figs. 7 and 8, since they represent 
different fronds measured under different 
circumstances, the second and third seg- 
ments in Fig. 8 correspond roughly to 
segment 6 in Fig. 7. 

It is clear from the above discussion and 
from Fig. 10 that the lower portions of the 
rachis undergo far more elongation below 
the crozier than do the upper regions. 
The elongation of successive segments just 
above the base is relatively great. How- 
ever, by the fifth segment, elongation 
below the crozier diminishes sharply, such 
that the fifth segment and those above it 
increase in length only approximately 2- 
fold while in the zone of elongation. This 
growth pattern has been confirmed by 
studies on 4 other frends. It has been 


determined from the data presented in 
Figs. 8 and 10 that the lower segments 
elongate more than do the upper segments, 
both because of a longer duration of 
elongation, and because of a more rapid 
average rate of elongation. For example, 
the third segment of Fig. 8 elongates at a 
rate of 5-7 mm per day, per cm of original 
length over a period of 7 days, while the 
sixth segment elongates at a rate of 3-1 
mm per day, per cm of original length, 
over a period of approximately 3-5 days. 
Furthermore, those segments which elon- 
gate most are in the zone of elongation 
at the time of its maximum length. It is 
perhaps not surprising that a correlation 
exists between the length of the zone of 
elongation and the duration of elongation 
of the segments composing it. The corre- 
lation of these 2 factors with the rate of 
elongation of the segments involved is of 
somewhat greater interest. 

In the normal dormant frond, while the 
pinnae are still within the crozier, they 
are tightly appressed to it, each pinna 
overlapping the one distal to it on the 
same side of the rachis. In many ferns, 
for example, Cibotium, and in some cycads, 
such as Cycas revoluta (Chamberlain, 1935), 
this is not the case. In these plants, each 
pinna is either extensively coiled, or at 
least somewhat curved adaxially and to- 
wards the axis of the leaf. In O. cinna- 
momea, the pinnae do not begin to unfold 
until they are set off below the crozier 
( Figs. 4, 5), at which time they spread 
laterally into a plane at right angles to 
that of the crozier. After crozier un- 
coiling is complete, expansion of the 
pinnae and elongation of the rachis con- 
tinue for as much as 10 days before the 
fronds finally reach maturity ( Fig. 6). 

A HISTOLOGICAL ANALYSIS OF GROWTH 
DURING THE FIFTH GROWING SEASON — 
It has been shown in a previous paper 
( Steeves & Briggs, 1958 ) that throughout 
the first 4 growing seasons, the cells of the 
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Fics. 8-10 — Fig. 8. Graphic record of developing frond from its emergence out of the bud 


to maturity. See text for explanation. 


daily length (cm) of zone of elongation in the frond recorded in Fig. 8. 


Fig. 9. Graph showing total growth (cm) per day and 


Fig. 10. Ratios of final 


to initial lengths of successive segments, base to apex, of the frond illustrated in Fig. 8. Initial 


lengths measured in outer 90° of crozier. 
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ground tissue of the developing leaf axis 
remain remarkably constant in length 
except in the maturing portions of the 
morphologically distinct base. A small 
difference in cell length abaxially and 
adaxially was found, which contributed 
slightly to the coiling process; but even 
this difference was largely eliminated at 
the completion of crozier formation and 
the onset of dormancy. The enlargement 
of the outer turns of the crozier which 
accommodates the developing inner region 
is accomplished by extensive cell division, 
with cell enlargement sufficient only to 
return the daughter cells to the size of the 
original parent cells. Only in the leaf 
base does net cell enlargement occur to 
any significant extent. In considering 
the enormous expansion of the frond 
during the fifth growing season, it was of 
interest to investigate the behaviour of 
the cells of this ground tissue, since it 
seemed possible that some insight into the 
differential growth of various parts of the 
frond might thus be obtained. Corre- 
lative observations on the differentiation 
of vascular tissues and schlerenchyma were 
made. 

In considering the differences in elonga- 
tion below the crozier of different parts of 
the rachis shown in Fig. 10, it seemed 
reasonable to suppose that these dif- 
ferences might be explained by differences 
in cell elongation in the various regions. 
If this were the case, one would expect 
to find differences in cell length in various 
portions of the mature rachis. Measure- 
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ments of cell length were made at various 
locations along the entire axis of several 
mature leaves, and the results are shown 
in Table 3. It is apparent that there are 
no consistent differences in cell length 
along the entire axis, except in the leaf 
base, where the cells are slightly more 
than one half as long as those in the upper 
regions. In some cases, there is a slight 
drop in cell length near the tip of the 
frond, but this drop is small and in- 
consistent, and its location can in no 
case be correlated with the dramatic drop 
in elongation shown in Fig. 10. It may, 
therefore, be concluded that the differences 
under consideration cannot be explained 
by differences in total cellular elongation. 

Thus, it became necessary to make a 
further study of cell lengths at various 
stages of development, from dormancy 
through crozier elevation and rapid un- 
coiling. In the course of this study, a 
number of correlations between rachis 
elongation and cellular elongation were 
established, and these will be considered 
in ontogenetic sequence. Measurements 
of cell lengths in the ground tissue in 
various regions of a typical dormant frond 
are shown in Table 4. It may be seen 
that the cells of the ground tissue of the 
leaf base, up to the first centimeter below 
the crozier, have essentially the same 
length as those shown in Table 3 for 
mature fronds. Thus, it seems unlikely 
that this region undergoes any elongation 
during the fifth growing season, a con- 
clusion supported by earlier morphological 


TABLE 3 — LENGTHS OF CELLS OF GROUND TISSUE AT VARIOUS POSITIONS 
IN RACHISES OF MATURE FRONDS FROM SEVERAL PLANTS 


REGION OF RACHIS 


FROND NUMBER 


is Aa rohe = 
1 3 4 5 Average 
Average cell length(u) in ground tissue 
At 18th pinna pair — oo — — 157:8 157-8 
At 7th to 10th pinna pair 130-5 132-0 117-1 118-7 123-0 124-2 
1st cm above 1st pinna pair 137-8 — = — + 137-8 
ist cm below 1st pinna pair 141-0 145-5 135-8 147:5 129-2 140-0 
Between 1st pinna pair and leaf 146-2 147-0 — — — 146-6 
base 
1st cm above leaf base 143-3 148-6 120-5 140-3 : : 
Top cm of leaf base 143-3 == = = pate 1433 
Median cm of leaf base 76:8 82-6 — == — 797 
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observations. In the first centimeter 
below the crozier, which may consist in 
various fronds of leaf base alone or of leaf 
base plus a segment of rachis previously 
set off below the crozier, there is a marked 
decrease in cell size acropetally, so that 
even below the actual base of the crozier 
the cells are approximately of the length 
which prevailed throughout all previous 
development (Steeves & Briggs, 1958). 
Furthermore, this same size is found 
throughout the crozier at this stage, and 
the cells in the outer turn may even fall 
below this size. 

Further morphological and histological 
observations. provide a possible explana- 
tion for the absence of elongation of a large 
part of the leaf base during the fifth 
growing season. Mature scalariform tra- 
cheids in considerable numbers were found 
throughout the leaf axis below the crozier, 
except in the topmost centimeter. It 
seems highly unlikely that these tracheids 
could be torn or stretched, as would in- 
evitably result from growth in this region. 
Furthermore, torn scalariform xylem is 
never found in the mature base. In 
contrast, only helical tracheids are found 
in the topmost centimeter and in the 
crozier. 

Although the base of a fully expanded 
frond contains a large amount of schleren- 
chyma, visible externally in the form of 
black strands, it is evident that this tissue 
does not contribute to the limitation of 
growth at the beginning of the final grow- 
ing season. It is present in the mature 
condition in only a few of the outermost 
fronds of the bud at this time; and in these, 
it is restricted to a small zone midway in 
the vertical extent of the leaf base. As 
fronds develop, schlerenchyma matura- 
tion proceeds both acropetally and basi- 
petally from the mid-points until ulti- 
mately the bases of all mature fronds 
contain schlerenchyma throughout. This 
pattern of differentiation is in contrast 
to the generally acropetal wave of xylem 
maturation, at least as far as scalariform 
tracheids are concerned. 

Examination of fronds shortly after the 
onset of the crozier elevation phase shows 
a marked increase in the length of ground 
tissue cells in the elongating portion of the 
axis below the crozier. It may be shown 
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that the total elongation of this region 
(roughly equivalent to the a segment in 
Fig. 7) may be explained on the basis of 
cell elongation alone. Since there is a 
gradient in cell size in this region at the 
outset of crozier elevation ( Table 4, first 
cm below crozier ), and no gradient at the 
completion of elongation ( Table 3, top cm 
of leaf base and above ), it is apparent that 
the upper portion of this segment elon- 
gates considerably more than the lower 
portion, and that the rather low values 
given earlier for the extension of this 
region ( 2- to 3-fold ) represent an average. 
On the other hand, in the segment next 
above, which forms the straight back of 
the crozier in dormancy (0, Fig. 7) the 
cells are of uniformly small size at the 
outset ( Table 4, first 90°). Consequently, 
the 5- to 8-fold elongation of this region 
may also be explained on the basis of cell 
elongation, since the ratio of cell sizes 
before and after elongation of this region 
is essentially of the same magnitude. The 
cells are approximately 20 micra long at 
the outset, and achieve a final length of 
approximately 140 micra, essentially a 
7-fold increase. Although the occurrence 
of cell division cannot be eliminated, a 
careful examination of the material has 
revealed only very rare division figures. 


TABLE 4— LENGTHS OF CELLS OF 
GROUND TISSUE AT VARIOUS 
POSITIONS IN RACHIS OF TYPICAL 
DORMANT FROND 


REGION OF AVERAGE CELL 


RACHIS LENGTH(u) IN 
GROUND TISSUE 
Crozier 
10th 90° 23-3 
8th 90° 22-8 
6th 90° 212 
4th 90° 16-9 
2nd 90° 17-8 
1st 90°, top 17-3 
1st 90°, bottom 16-7 
Axis below crozier 
1st cm below crozier, top 22-4 
1st cm below crozier, 64:7 
bottom* 
2nd cm below crozier* 74:8 
3rd cm below crozier* 58:9 
4th cm below crozier* 81-0 


*Leaf base. 
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During the crozier elevation phase, there 
is a 2- to 3-fold increase in the diameter 
of the crozier, as pointed out above. 
During this enlargement there is a limited 
extension of cell elongation into the outer 
turn of the crozier, such that at the onset 
of uncoiling, the cells in the outermost 
part of the crozier have an average length 
which is somewhat less than twice that of 
cells in the same region of the dormant 
frond (Table 5). It is evident that cell 
enlargement does not entirely account for 
crozier enlargement at this stage and cell 
division must play a significant role, In 
fact, mitotic figures were regularly ob- 
served. This situation is in sharp contrast 
to the enlargement observed during crozier 
formation in the fourth growing season, 
in which cell division played an exclusive 
role (Steeves & Briggs, 1958). In the 
early stages of uncoiling, cell elongation 
in the outer turn of the crozier becomes 
more prominent, and the cells of the 
ground tissue are nearly 3 times as long as 
they were in the dormant frond ( Table 5 ). 
During the remainder of uncoiling, this 
level of cell size prevails in the outer turn 
of the crozier, but it does not appear to 
progress beyond the outer 270°. 

As cell enlargement advances into the 
crozier, cell division diminishes corres- 
pondingly, but there is no external 
evidence of this change, since both pro- 
cesses result in crozier 
Consequently, this change in emphasis is 
not reflected in an alteration in the be- 
haviour of marks applied within the 
crozier ( Fig. 8). However, it is reflected 
in the relative elongation of successive 


TABLE 5 — LENGTHS OF CELLS OF 
GROUND TISSUE IN THE OUTER 
NINETY DEGREES OF CROZIERS IN 
VARIOUS STAGES OF DEVELOPMENT 


STAGE OF DEVE- AVERAGE No. OF 

LOPMENT CELL LENGTH(u) FRONDS 

IN GROUND 
TISSUE 
Dormant 17:0 1 
Mid-way in crozier 22-8 3 
elevation 

Onset of uncoiling 29-8 5 
Rapid uncoiling 47-4 5 


un nn nn, 
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segments after they are below the crozier, 
and provides a possible explanation for 
the differences shown in Fig. 10. If the 
cells of a given segment have undergone 
relatively little elongation while within 
the crozier, this segment then shows a 
relatively large amount of extension below 
the crozier, before its cells attain their 
final length. If, on the other hand, a 
considerable cellular elongation has 
occurred within a given segment within 
the crozier, it elongates correspondingly 
less below the crozier, while its cells attain 
the same final length. Since the extent 
of cell enlargement increases rather 
markedly with the onset of uncoiling, the 
pronounced drop in extension in the zone 
of elongation of segments set off after this 
time would be expected. Thus, while the 
histogram does show major differences in 
elongation of various parts of the rachis 
after they are set off from the crozier, 
it does not appear to reflect differences 
in the total elongation of segments after 
the onset of final cell enlargement. 
However, it is important to distinguish the 
elongation which occurs below the crozier 
from that which occurs within it, in pre- 
senting an interpretation of the growth 
curve of the frond. 

In the foregoing discussion, considera- 
tion has been given entirely to the cells of 
the ground tissue, which makes up a large 
portion of the total volume of the rachis. 
However, mention should be made both 
of the well-defined hypodermal zone, 
present in the mature rachis above the 
leaf base, and of the vascular tissues. In 
dormant fronds, the hypodermal zone, 3 or 
4 cell layers in thickness, is recognizable 
up to within a half turn of the leaf apex 
by its characteristic staining reaction with 
safranin. Beginning in the outermost 
90°, a slight difference in cell length 
between hypodermis and ground tissue 
parenchyma may be noticed. There ap- 
pears to have been a lag in the rate of 
transverse cell division in the hypodermis, 
with the result that hypodermal cells are 
slightly longer. During crozier elevation 
and uncoiling, this size differential may be 
observed to have advanced considerably 
further into the crozier, as much as one 
full turn. The differential is maintained, 
or actually increased, during rachis elonga- 
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tion and maturation. The mature hypo- 
dermis is composed of elongate cells with 
distinctly tapered ends, in contrast to the 
essentially rectangular, and considerably 
shorter cells of the ground tissue. In 
view of the shape of the hypodermal cells, 
it appears likely that they elongate in- 
trusively to a considerable extent, al- 
though direct evidence for this type of 
growth has not been obtained. Below 
the zone of elongation, secondary wall 
formation is initiated with subsequent 
lignification; the hypodermal cells at 
maturity possess a very thick wall with a 
few simple pits. 

The contribution of the vascular strand 
to the total growth of the rachis is difficult 
to assess. Those procambial cells which 
will become scalariform tracheids or sieve 
cells in the fully mature rachis clearly 
elongate extensively. The earliest mature 
tracheids, invariably helical, have been 
found within one-half turn from the leaf 
apex, in the dormant frond, and average 
about 75 micra in length. Such early 
differentiated xylem cells, and many 
additional elements differentiated prior to 
the cessation of elongation, are stretched 
and ultimately disrupted, however, these 
torn elements are continually replaced by 
newly differentiated tracheids during 
elongation. Those tracheids which do not 
differentiate until the cessation of elonga- 
tion are relatively enormous, although it is 
difficult to determine their exact size; 
and it seems possible that there are no 
transverse divisions at all in the pro- 
cambium from which they are derived. 
The very rare divisions which have been 
observed have invariably been either 
oblique or vertical. 

The procambial cells which ultimately 
will become vascular parenchyma, pri- 
marily associated with the phloem, behave 
in an entirely different manner. These 
cells are somewhat shorter at maturity 
than the cells of the ground tissue, and 
cell division is an important feature of 
their development. It is only in this 
region of the rachis that one regularly 
finds cell divisions actually below the 
uncoiling crozier. A further study of 
hypodermal and vascular differentiation 

will be undertaken in a subsequent 


' paper. 
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Discussion 


This study of final leaf expansion in 
O. cinnamomea has been concerned almost 
exclusively with developmental changes 
in the leaf axis, and no attempt has been 
made to consider the expansion of the 
pinnae which include all of the laminar 
tissue. It is, therefore, difficult to make 
detailed comparisons with studies of leaf 
development in the seed plants in which 
considerable attention has been given to 
the histogenesis and expansion of laminar 
tissues (Avery, 1933; Foster, 1936). As 
early as 1884, Bower, in studying leaf 
development in several ferns, pointed out 
that the long-continued apical activity 
and the even acropetal progression of 
elongation in the leaves of these plants is 
in some contrast to the early restriction 
of apical activity and the tendency towards 
localized, or interpolated, elongation char- 
acteristic of the leaves of seed plants. 
The observations on leaf expansion in 
O. cinnamomea, reported here, provide 
excellent examples both of long-continued 
apical growth and of an even acropetal 
wave of elongation. 

A further contrast between leaves of 
ferns and those of seed plants, noted by 
Bower ( 1884 ), and confirmed for Osmunda 
in an earlier part of this study ( Steeves & 
Briggs, 1958), concerns the sequence of 
initiation and expansion of lateral leaflets. 
In the ferns, pinnae are initiated in acro- 
petal sequence while apical growth of the 
leaf is stillin progress. On the other hand, 
in many seed plants having compound 
leaves, including cycads, leaflet initiation 
commences near the tip and _ proceeds 
basipetally or begins in a median position 
and proceeds bidirectionally ( Bower, 
1884; Sonntag, 1887; Foster, 1936 ), 
coincident with the cessation of apical 
growth. However, there are well-known 
cases of an acropetal sequence of leaflet 
initiation in compound leaves of seed 
plants ( Sonntag, 1887; Foster, 1935, 
1936); and in Cycas thouarsii, Sonntag 
(1887) has further reported pinna initia- 
tion previous to the cessation of apical 
growth. Goebel (1933) has also em- 
phasized that extended leaf apical growth 
has at least a sporadic occurrence among 
the seed plants. Consequently, great 
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caution must be exercised in attempting 
to draw sharp contrasts between leaf de- 
velopment in the ferns and that of in seed 
plants. In essential characteristics, de- 
terminate growth and dorsiventral sym- 
metry, the fern leaf is comparable to foliar 
organs of the seed plants; and, as Bower 
( 1884) has warned, the distribution and 
localization of growth in an organ may 
well be of less fundamental significance in 
determining relationships than the mode 
of origin and basic organization of the 
organ. 

The complete development of the, Os- 
munda leaf is a highly complex process 
involving a series of events, which, occur- 
ring in proper sequence, give rise to the 
characteristic form of the mature organs. 
The individual phenomena are themselves 
complex; but even more remarkable is the 
manner in which the extent and sequential 
appearance of these processes are appa- 
rently controlled. It is hoped that further 
studies dealing with the production and 
distribution of native growth hormones, 
to be reported elsewhere, will provide some 
insight into the nature of this control. In 
considering the total development of the 
leaf, it has been necessary to treat these 
several phenomena separately; but it 
must be remembered that they are not 
sharply delimited one from another. 
Thus, in general, in the rachis, cell division 
with little or no net cell enlargement is 
characteristic of the first 4 growing 
seasons, while cell enlargement associated 
with leaf expansion characterizes the fifth 
and final growing season. Yet, cell en- 
largement does occur in the maturing leaf 
base during the fourth season, and cell 
division does continue during the fifth, 
at least in the crozier. Similarly, rapid 
crozier uncoiling during final expansion is 
foreshadowed by a slow unbending during 
the earlier phases of growth (Steeves & 
Briggs, 1958 ). 

As has been pointed out, the Osmunda 
leaf is characterized by a continuation of 
apical activity through a span of nearly 
4 growing seasons. During this period, 
apical activity does not diminish progres- 
sively, but rather is markedly accelerated 
during the fourth growing season, during 
the formation of the coiled rachis of the 
crozier, and the initiation of pinnae. Yet 
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this accelerated growth ultimately ceases; 
and at the end of the fourth growing 
season, according to the evidence avail- 
able, it is. nearly or entirely complete. 
The most remarkable attribute of this 
aspect of leaf growth is not its perpetua- 
tion, but rather its ultimate cessation, in 
contrast to the unlimited growth of the 
shoot apex. This cessation is accom- 
plished by a transformation in the pattern 
of growth at the apex such that the apex 
becomes indistinguishable from regions of 
marginal growth. In the Osmunda leaf, 
final uncoiling and expansion do not 
begin until apical growth has ceased; and, 
in intact plants, the fourth dormant period 
marks the separation between these 2 
phases. Since leaves grown in sterile 
culture appear to show this same separa- 
tion (Steeves & Sussex, 1957), although 
there is no dormancy, it is evident that 
the dormant condition is not essential to 
the phenomenon. However, it is interest- 
ing that the correlation with dormancy 
does occur so invariably, and so signi- 
ficantly for the plant, under natural con- 
ditions. A close coincidence between the 
cessation of apical growth and the onset 
of uncoiling and expansion was previously 
noted in leaves of Pilularia ( Bower, 1884 ), 
on which no pinnae are found. 

The persistence of meristematic activity 
in the Osmunda leaf is not restricted to the 
apex. Throughout the first 3 growing 
seasons, and a large part of the fourth, 
the cells in the ground tissue of the leaf 
do not increase markedly in length, al- 
though the organs do elongate con- 
siderably (Steeves & Briggs, 1958). 
During the latter part of the fourth 
growing season, cells in the lower portion 
of the leaf base elongate markedly while 
crozier and pinna formation takes place. 
However, although the upper portion 
of the leaf base, and the outer turns 
of the developing crozier enlarge con- 
siderably, there is no net increase in the 
length of the cells of the ground tissue 
Similarly, during the early phases of leat 
expansion in the fifth growing season, 
enlargement of the crozier continues 
without a corresponding increase in net 
cell size; and this phenomenon persists 
in the inner regions of the crozier ever 
during uncoiling. Clearly, in all these 
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cases, cell division is occurring in the 
ground tissue at some distance from the 
leaf apex, and direct evidence for this is 
found in the presence of many division 
figures observed in suitably prepared 
sections. Furthermore, it should be 
pointed out that cell division partici- 
pates actively in the formation of laminar 
tissue in the pinnae during the fourth and 
fifth growing seasons. The retention of 
meristematic activity in the rachis at con- 
siderable distances below the apex is re- 
flected in the prevalence of a cell length of 
approximately 20 micra in the ground 
tissue throughout a large part of leaf de- 
velopment. Enlargement of cells above 
this level does not, in fact, occur until just 
prior to final maturation. In the portion 
of the leaf base which undergoes matura- 
tion during the fourth growing season, 
the cells attain a final length of approxi- 
mately 70 micra (see Tables 3, 4). 
Throughout the remainder of the leaf 
rachis, where elongation is associated with 
final expansion during the fifth growing 
season, the ultimate cell length is approxi- 
mately 140 micra. These differences in 
cell size appear to reflect a difference in the 
total elongation between the base and the 
upper portion of the rachis. 

Overall increase in height of the de- 
veloping Osmunda frond follows the sig- 
moid curve which is typical of growing 
structures in general (Sachs, 1887; 
Thompson, 1942). Goodwin (1937) 
clearly demonstrated that the simple 
leaves of 2 species of Solidago elongate 
according to this pattern, and Prankerd 
(1922) found a similar growth curve 
applicable to the leaves of the fern 
Asplenium bulbiferum. Clearly the ex- 
tension of the Osmunda leaf results from a 
combination of 2 contributing factors: 
uncoiling of the crozier, and elongation 
of the rachis below the crozier. It is, 
therefore, more complex than would be 
suggested by the simplicity of the curve. 
It may be seen (Fig. 8) that the steep 
portion of the curve, the period of most 
rapid growth, corresponds approximately 
with the period of crozier uncoiling, while 
the less vertical parts of the curve, at the 
beginning and at the end of expansion, 
correspond to the crozier elevation phase 
and the period of expansion after uncoiling 


respectively. It would be relatively easy 
to account for the shape of the curve on 
this basis alone, were it not for the fact 
that crozier uncoiling has been shown to 
accelerate during this phase of growth. 
The approximately linear growth rate is 
maintained only because there is, at the 
same time, a decrease in the rate of 
elongation of the rachis below the crozier, 
resulting from a decrease both in the 
length of the zone of elongation and in the 
rate of elongation of the tissue within this 
zone. Therefore, the simple growth curve 
is, in a very real sense, the final result of a 
complex interaction between 2 processes. 
The decline in growth rate of the rachis 
below the crozier is associated with a 
reduction in total elongation below the 
crozier. This reduction in total elonga- 
tion results from the fact that any given 
portion of the rachis now elongates at a 
slower rate and for a shorter period of 
time than was the case at earlier stages. 
At the cellular level, this reduction may 
be interpreted in terms of a higher degree 
of maturation of cells of the ground tissue 
in segments set off in the later stages of 
development, resulting from an extension 
of cell enlargement into the outer portion 
of the crozier. Since in the later stages, 
a given section of rachis undergoes a 
larger portion of its cell elongation before 
being set off from the crozier, than at 
earlier stages, it is not surprising that, 
after being set off from the crozier, it 
should elongate at a slower rate, and for a 
shorter period of time. In considering 
the correlation between diminished elonga- 
tion below the crozier and accelerated 
crozier uncoiling, it would be of interest 
to know if the extension of cell enlarge- 
ment into the crozier is in any way asso- 
ciated with the acceleration of uncoiling. 
A discussion of this problem will be de- 
ferred to a later paper, dealing specifically 
with the mechanism of crozier uncoiling. 


Summary 


The expansion and maturation of vege- 
tative fronds of Osmunda cinnamomea L. 
during their fifth and final growing 
season have been examined in detail. 
Observational and experimental evidence 
is presented which suggests that apical 
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growth of the leaf axis is essentially com- 
pleted by the beginning of final expansion 
and that the leaf apex is concerned, 
beyond that time, only with the formation 
of a terminal pinna. The first phase of 
expansion is an elevation of the crozier 
out of the apical bud by an elongation of 
the leaf axis below the crozier, including 
the uppermost, and still immature, portion 
of the leaf base. During this process, 
which continues for several days, the 
crozier enlarges but does not uncoil. The 
overall elongation of the expanding frond 
follows a typical sigmoid growth curve; 
but this pattern results, beyond the 
crozier elevation phase, from a combina- 
tion of crozier uncoiling and elongation of 
the rachis set off below the crozier. A 
given segment of the rachis elongates some- 
what within the crozier; but it elongates 
much more extensively after being set off 
below the crozier. Crozier begins slowly, 
but accelerates during the process. As 
crozier uncoiling accelerates, the elongation 
rate below the crozier decreases so that the 
growth curve is relatively straight until 
uncoiling is complete. The total elonga- 
tion below the crozier is also diminished as 
the result of a reduction in rate and 
duration of elongation in the portion of 
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rachis set off from the crozier at this time. | 
This appears to be the consequence of | 


an extension of cellular elongation of the 


ground tissue into the outer regions of the | 


crozier, from which it had been excluded 
earlier by active cell division which kept 


pace with the expansion of the crozier. | 
Since all segments of the rachis undergo: 


essentially the same amount of cellular 


elongation, as indicated by a high degree of | 
uniformity of final cell length throughout | 


the rachis, elongation below the crozier de- 
creases as that within the crozier increases. 
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ERNST ARTSCHWAGER 
PLANT ANATOMIST AND MORPHOLOGIST 


E. W. BRANDES, G. H. COONS & A. J. EAMES 


Department of Botany, Cornell University, Ithaca, N.Y., U.S.A. 


Ernst Artschwager was born in the 
rural community of Linkuhnen near 
Tilsit, East Germany, on July 9, 1889 and 
died at his home in Las Cruces, New 
Mexico, on June 21, 1957. His passing 
removed one of the most productive 
workers in botanical science. 

A career of managing the large and 
progressive home farm, the elder Artsch- 
wager’s desire for his promising young son, 
did not appeal to Ernst. His strong will 
to work in biological science expressed 
itself in early youth when, without paren- 
tal blessing but with the understanding 
aid of an older sister, he left the family 
farm to attend an agricultural science 
high school in Breslau. There he had his 
first experience with the serious illness 
that pursued him to the end of his life. 
His relenting parents sent him to a tuber- 
culosis sanatorium in Switzerland for a 
year and later reluctantly agreed with his 
ambition to go to the Colorado Agricul- 
tural College. Apparently restored to 
health, he continued his education in his 
chosen fields and was graduated in three 
years. 

Entering Cornell University in 1915, 
his interests were directed to plant ana- 
tomy, physiology and pathology under 
the sympathetic guidance of a faculty 
committee impressed by the alien student’s 
keen intelligence and driving energy. 
His austere living and chronic illness 
showed him to be a Spartan as well as a 
scholar. And, to these handicaps, the 
outbreak of the war between his native 
and adopted countries added still another 
for this shy and peace-loving young man, 
striving to live and contribute to scientific 
knowledge. He received his Ph.D. degree 
in 1918 and became a naturalized U.S. 
citizen in December 1919. 
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While studying at Cornell, he became 
associated, beginning in 1916, with the 
Office of Cotton, Truck and Forage Crop 
Investigations, U.S. Department of Agri- 
culture, as a field and laboratory aid 
during the summer months. While still 
a part-time subprofessional employee in 
1918, he gave promise of the searching 
thoroughness that characterized his sub- 
sequent work by publishing in the Journal 
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of Agricultural Research a treatise on the 
anatomy of the potato plant as prerequi- 
site to a study of the histology of a potato 
disease. 

In early 1920, he was appointed to the 
professional grade of Scientific Assistant. 

Dr Artschwager always impressed one 
with his industry. He was truly a pro- 
ductive scientist who completed a study 
and published his findings. In fact, he 
was restless until the job was done and the 
publication completed. His boundless 
enthusiasm, his insatiable demand for 
suggestions for new and worth-while, prob- 
lems and his fidelity to the task always 
drove him beyond his strength. He did 
not content himself with poring over a 
slide or two and generalizing from a single 
example, but studied literally hundreds 
and thousands of sections so that his con- 
clusions were truly generalizations and not 
reports of some freak occurrence. This 
thoroughness assures permanent value 
to his work; it fully merits the esteem 
his colleagues have shown and will conti- 
nue to show of him and his work. 

Ernst Artschwager was a scholar in his 
research, exploring all the pertinent lite- 
rature. Here his linguistic attainments 
stood him in good stead. A sidelight on 
this is shown by his preparing and pub- 
lishing with Edwina Smiley the books on 
botanical and biological equivalents — 
indispensable aids to non-linguists, 

But above all, he always impressed one 
by his zeal in the pursuit of truth. He 
had the Plinian urge — so much to learn 
and so little time. His 54 formal papers 
on anatomy and morphology of the sugar 
beet, sugarcane and sorgo, potato, rubber- 
bearing plants, sweet potato, Chenopo- 
dium, watermelon, and pecan as well as 
the three dictionaries of biological equi- 
valents, all bear the hallmark of the 
scientific perfectionist. 

Dr Artschwager was not reluctant to 
seek advice from colleagues and worked 
in harmony for and with others. After 
his transfer to the Office of Sugar Plant 
Investigations in 1923, there is evidence 
of a logical sequence in his 12 contri- 
butions on sugarcane — cytological, ana- 
tomical, morphological, and taxonomic; 
although performed at intervals during 
the next 34 years, they testify, to his per- 
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sistent effort, to follow a pattern in helpful | 


association with fellow workers in applied 
science fields. This beautiful sequence of 
papers makes a basic modern book, inter- 
nationally recognized, on sugarcane form 
in its complex manifestations. 


Modern literature on the morphology | 
and anatomy of the sugar beet is largely | 
the published work of Dr Artschwager, | 
attesting to his versatility in botanical 


science. He found great interest in the 
sugar beet as a subject for the application 
of his many-sided skills. 


be indebted to him for his exhaustive 
studies and prolifically illustrated publi- 
cations. 
botanical artist, prepared the sketches, 
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Present and | 
future workers in sugar beet research will | 


His wife, Eugenia, a talented | 


line drawings and the beautifully executed | 


paintings which contribute in no small 
way to the message of the text in all of 
his publications. 


His work on the rubber- | 


bearing plants, guayule, Cryptostegia and | 


Taraxacum kok-saghyz, represented a tem- 
porary diversion in the interest of national 
preparedness and defense when the U.S. 
supplies of strategic materials, including 
rubber, were deficient. 

Just before his death in June 1957, 


Dr Artschwager completed the last of a | 


series of 4 papers on the vegetative mor- 
phology of the Saccharum species with 
descriptions of hundreds of representative 
clones. This was accomplished under 


essentially a hospital regimen, with the | 


oxygen tank constantly at his side. 


(He | 


had lost one lung by surgery nearly 8 | 


years before his death.) 


His many friends and colleagues have | 


a feeling of great loss in his death. He 
is survived by his widow, a son, Richard, 
and a daughter, Mrs Rita Kay. 
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REVIEWS 


DARLINGTON, C. D. & WYLIE, A. P. 
1955. “ Chromosome Atlas of Flowering 
Plants.’’ George Allen & Unwin Ltd., 
London. 60s. 

THE previous volume, bearing a similar 

though not identical name, was written 

by Drs C. D. Darlington and E. K. Janaki 

Ammal and restricted its coverage to 

cultivated plants. The scope of the 

present work is more ambitious and covers 
some 7,000 species of flowering plants in- 

cluding the gymnosperms. There is a 

bibliography of 3,000 references. The in- 

troductory portion has been enlarged and 
published separately in the form of a new 
book called ‘Chromosome Botany ”’. 

The authors have generally followed the 
system of classification given in Hutchin- 
son's “‘ Families of Flowering Plants ” 
and 241 out of 322 families are represented 
in the Atlas. Three exceptions have been 
made: (1) owing to their chromosome affi- 
nities the tribes Allieae and Agapantheae 
have been retained in the Liliaceae; 
(2) Hemerocallis has been transferred to 
the Amaryllidaceae and Hosta to the 
Agavaceae; and (3) the Nolanaceae has 
been kept apart from the Convolvulaceae. 

It must be pointed out that the genus 
Trapa has been wrongly retained in the 
Onagraceae instead of its being transferred 
to a separate family Trapaceae. In spite 
of the exhaustive work on Calochortus and 
the difference it shows in chromosome num- 
ber, it has been allowed to linger in the 
tribe Tulipeae. On cytological as well as 
morphological evidence Tenagocharis, Hy- 
drocleis and Limnocharis should be trans- 
ferred to the Alismaceae leaving only 
Butomus in the Butomaceae. The chromo- 
some number of Gnetum has been put down 
as x= 12;noreference is made to Fagerlind’s 
(1939) work who has shown that the basic 
number in Gnetum is 22. 

In the treatment of each species the 
following information is given: botanical 
name (not accompanied by author’s 
name ); common name; somatic chromo- 
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some number; references; use or uses to 
which the plant is put; and distribution. 
Forms distinct from wild species are 
labelled cult and are mostly hybrids. 

The book is dedicated to N. I. Vavilov 
who himself gave so much encouragement 
to cytogenetical studies. 

P. MAHESHWARI 


DARLINGTON; C. D. 1956. “Chro- 
mosome Botany.’ George Allen & 
Unwin Ltd., London. 16s. 


As already mentioned above this is a 
revised and enlarged version of the intro- 
ductory and theoretical part included in 
the first edition ( 1945 ) of the ‘ Chromo- 
some Atlas ‘but now removed from it. 
The book is divided into seven chapters 
with carefully chosen titles: (1) The 
chromosomes; (2) Plants in groups; 
(3) Plants in space; (4) Plants in time; 
(5) Cultivated plants; (6) Ornamental 
plants; and (7) Lessons of chromosome 
botany. There are two appendices. The. 
first lists the earliest use in English of the 
names of various cultivated plants. The 
second, written by E. B. Ford, takes 
account of the bearings of chromosome 
number and morphology on evolutionary 
problems in animals. 

The first chapter provides an excellent 
introduction to nuclear cytology. The 
reader is told: “ The nucleus, it is often 
said, contains the chromosomes. But it is 
more correct to say that the nucleus ts the 
chromosomes.” Some new material, not 
usually seen in textbooks, is included 
under the heading ‘‘ Odd and extra chro- 
mosomes ’’. The counter.of chromosome 
numbers is warned not to base counts on 
individual plants because of the variation 
in the number of B chromosomes. 

The author seems to lose no opportunity, 
in his writings, of making some caustic 
comment or the other on the usual type of 
plant taxonomist. He accepts Ray’s 
definition ( 1686 ) of the species as a group 
of plants which breeds true from seed 
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within its own limits and then goes on 
to comment that the “followers of 
Linnaeus’ have been taking short cuts 
in classifying plants by appearance alone. 
They have dispensed not only with 
breeding but also with seeing living plants. 
They “ content themselves with examining 
dead plants, aided only by a dry lens ”. 
“This”, it. as. pointed ‘out: >" removes 
difficulties but it also loses opportunities: 
one is that of studying physical and 
chemical variation; another is that of 
seeing chromosomes and discovering how 


the species may have arisen — or indeed - 


may now be arising |! ” 

Chapter 3 contains a good discussion of 
chromosome number in relation to ecology 
and geography. That chromosome 
changes often facilitate the colonization of 
new territory is well illustrated by 
Manton’s study of Biscutella laevigata. 
Here diploids occur in the plains, tetra- 
ploids on the Alps, and hexaploids on the 
highest mountains of Spain. 

Chapter 4 deals with basic chromosome 
numbers, simple polyploidy, and secondary 
or dibasic polyploidy, and the conclusion 
is reached that polyploid species with the 
best expectation of life result from the 
crossing of widely different diploid species. 
Evidence is also presented to show that 
in long-lived plants chromosome numbers 
change less than in short-lived plants, or 
in other words the stability of chromosome 
numbers is correlated with the length of 
the reproductive cycle. On page 100 the 
author mentions a hybrid of Festuca 
pratensis and Lilium perenne. It is not 
clear whether he means an intergeneric 
hybrid. It is most unlikely that Festuca 
and Lilium have ever been hybridized. 
Possibly he means inter-varietal hybrids 
but the language is not quite clear. 

To the person, who is not a specialist in 
chromosomes, Chapters 5 and 6 will be 
the most interesting. Here the author 
begins with man’s earliest belief that culti- 
vated plants were a direct gift from the 
gods and gradually goes on to the work of 
Vavilov who claimed that six main centres 
could be recognized as sources of nearly 
all genetic variation. The author points 
out the difficulties in accepting Vavilov’s 
scheme in toto and presents his own views 
on the problem in a stimulating manner. 
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The book has the synthetic approach 
of the cytologist, systematist, ecologist 
and geographer and is a most valuable 


contribution to botany. 
P. MAHESHWARI 


1958. 
Mac- 


MECLEISH, 2 J. Seo SNOADTE. 
“Looking at Chromosomes ”’. 
millan & Co. Ltd., London. 16s. 

THE authors state in the Preface: “ Our 
aim in this book has been to demonstrate 
by means of a continuous series of photo- 
graphs and illustrations, how cells and 
the hereditary substances they contain 
behave during the growth of a living 
organism, how the cells which function in 
reproduction come to be formed and, 
finally, how the hereditary substances are 
passed on from parents to offspring.” 

Excellent photographs are presented of 
squash preparations of Lilium showing all 
stages in meiosis and in the development of 
the embryo sac up to the secondary four- 
nucleate stage. On the other hand, some 
of the drawings like Figs. 14, 15 and 17 
are amateurish. The authors seem to be 
unaware that in any good preparation the 
pollen grain shows a generative cell and 
not a nucleus, and that the male gametes 
are also cells and not mere nuclei. 

The English is defective at places. For 
example, on page 83 in the sentence ““ The 
growing embryo with its nutritive endo- 
sperm and the surrounding tissues of the 
ovule form the young developing seed ”, 
the word form should be replaced by forms. 

The book is of no special merit except 
for its excellent photographs. 

P. MAHESHWARI 


CLAPHAM) A. «RS TURN AT 
WARBURG, E. F. 1957. “ Flora of 
the British Isles. Illustrations. Part I. 
Pteridophyta-Papilionaceae.”” Drawn 
by S. J. Roles. Cambridge University 
Presse 25s: 

THIS is a companion volume to the “ Flora 

of British Isles ”, embracing 552 species of 

the pteridophytes, the gymnosperms and 
some families of the angiosperms ( Ranun- 
culaceae-Papilionaceae ). Not every spe- 
cies is illustrated but most are. Oppor- 
tunitysis also taken of revising some of 
the plant names altered in recent years. 
While the general appearance of the living 
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plant is conveyed through the drawings, 
they are too small to be very accurate. 
Nor are all of the same merit. I doubt if 
Fig. 223 can be recognized as Nasturtium 
officinale and Fig. 380 hardly resembles 
the specimens of Chenopodium album seen 
at Delhi. However, the book is bound 
to be useful to plant collectors, especially 
amateurs, for ready identifications of many 
species. The paper, binding and repro- 
duction of the figures are all good. 

P. MAHESHWARI 


MELDERIS, A. & BANGERTER, E. B. 
1955. ‘British Flowering Plants.” 
Ward, Lock & Co: Ltd., London & 
Melbourne. 63s. 

Ir is not clear as to why and for whom this 

book has been written. However, the 

illustrations are good and the descriptions 
reasonably so. It would certainly help 
the amateur botanist and nature lover to 
identify common specimens. Unfortu- 
nately the botanical names of the plants 
are not accompanied by authors’ names. 
P. MAHESHWARI 


JANE, F. W. 1956. “ The Structure of 
Wood.” Adam & Charles Black, 
London. 60s. 

THE book is written mainly for students 

who want to qualify in technical colleges 

and therefore attempts “to present a 

simple but comprehensive account of wood 

structure in its several aspects, assuming 
no knowledge of botany”. The author 
hopes, however, that it will also be of value 
to the student of plant anatomy. For, 
the secondary xylem, although one of the 

easiest plant tissues to examine, has a 

variety of elements which make it ex- 

tremely complex and therefore a challenge 
to his powers of understanding and 
analysis. 

The scope of the work will be indicated 
by a brief reference to the chapter 
headings. Chapter J deals with nomen- 
clature and gives an excellent account of 
the problems associated with it quoting 
several interesting examples. As an ap- 
pendix to the chapter there is a list of the 
more important timbers of economic value. 
Chapter 2 deals with the histology of the 
wood and is illustrated with excellent 
drawings and photographs. In Chapter 3 
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entitled “ The trunk of the living tree ” 
we are reminded that although as a com- 
mercial product timber is dead tissue, it 
is really produced by a living organism 
and serves it for support, storage and 
conduction of water and salts. Chapter 4 
deals with the gross structure of wood, and 
Chapters 5 and 6 with the histology of 
coniferous and dicotyledonous woods res- 
pectively. Chapter 7 entitled ‘‘ Some 
atypical trees and timbers ” deals with 
such plants as the tree ferns, cycads, 
Ginkgo, Ephedra, Gnetum; Drimys and 
other veselless hard woods; some dendroid 
monocotyledons; a number of lianas; and 
instances of anomalous secondary growth. 
Chapter 8, written in collaboration with 
Dr K. Wilson of the Birkbeck College, is a 
rather specialized discussion of the physics 
and chemistry of the walls of the xylem 
elements, and Chapter 9 deals with ab- 
normal and diseased wood. The next 
chapter analyses the variations in wood 
going under the name of “figure”. To 
those, who are concerned with the eco- 
nomic exploitation of timbers, Chapter 11 
provides much interesting material in the 
form of a correlation between the structure 
of woods and the uses to which they can 
be put. The following chapters cover the 
identification of the more common timbers. 
and in the end there is an appendix giving 
an excellent account of the technique for 
making preparations of wood for macro- 
scopic and microscopic studies. The index 
is unusually complete and the book fulfils 
a long-felt need for a modern text on wood 
anatomy after the old and now out-of-date 
treatment by Jeffrey in his “ Anatomy 
of woody plants ” 

P. MAHESHWARI 


GOOD, R. 1956. “ Features of Evolution 
in the Flowering Plants.’’ Longmans 
Green & Co., London, New York & 
Toronto. Pp. 405. 30s. 

In the author’s own words, the primary 

aim of this book is “ to redirect attention 

to facts concerning one great and funda- 
mentally important section of the living 
world which, at best, have become for- 
gotten in the pursuit of other and more 
fashionable lines of enquiry, or, at worst, 
have never been fully realized at all”. 
Professor Good feels that many particular 
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problems require a fresh appraisal; and he 
is of the opinion that the “ best-known 
speculations about organic evolution are 
seen to have a less general applicability 
than is usually claimed’. 

The reviewer agrees with the author 
when he says that because of the “ time 
dimensions ”” involved in the process of 
evolution and the short span of human 
life, one has to rely on “ indirect or cir- 
cumstantial evidence ’. However, there 
seems to be no other way of seeking and 
correlating the evidences for evolution. 


There is no doubt that for some groups, 


particularly the angiosperms, even the 
indirect evidence of the fossil record is far 
from satisfactory. As more and more 
knowledge accumulates, the problems of 
organic evolution become more and more 
intriguing and, gradually, the concept of 
evolution has undergone a drastic change 
since the days of Charles Darwin. There- 
fore, a fresh appraisal is certainly quite 
welcome. 

In Good’s own view “ The chapters, 
apart from the first and last, fall into three 
groups. The second and third form what 
may be looked upon as a background to 
the Flowering Plants; the next three 
provide a review of the whole group, 
written in somewhat novel terms and with 
appropriate reference to the evolutionary 
problems which it presents as a whole, 
and the remaining five cover a small 
selection of the many more particular 
problems which make these plants of 
special interest in the study of evolution.” 

The introductory remarks in Chapter 1 
are thought-provoking. The comparison 
between animals and plants in Chapter 2 
is no doubt interesting but gives far too 
many details than necessary. The dis- 
cussion on monocotyledons and di- 
cotyledons in Chapters 3 to 6 brings 
together many diverse facts and the 
results of evolution and specialization 
have been highlighted. 

Chapters 7 and 8 deal with the Ascle- 
piadaceae. The choice of this family has 
been justified in the following words: 
“ Almost any one of the larger isolated 
groups of Flowering Plants might have 
served as subject matter here, but there 
‘can hardly be a better choice than the 
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Asclepiads, because these plants, chiefly 
on account of the details of their repro- 
ductive machinery, pose the kind of 
‘adaptation’ problem which has just 
been mentioned in an unusually inescap- 
able way.” 

The families in which the flowers are 
aggregated are described in Chapter 9, 
and Chapter 10 is devoted to the Com- 
positae. Chapter 11 is headed: “ Repe- 
tition and Superficial Resemblance ”, 
while Chapter 12 summarizes all that has 
been said in the earlier chapters. Here 
the author briefly discusses the main theme 
of each chapter and finally comes to some 
important conclusions, e.g. “To a very 
considerable degree evolution in the 
Flowering Plants appears, when subjected 
to human estimation, to have been 
gratuitous or motiveless, using these words 
to mean that it has been change because 
change is the innate order of nature 
rather than change because change confers 
biological superiority ”’. 

Since “ the book is intended to be a step 
towards a fresh and untramelled outlook 
on some of the problems of evolution, 
it has been felt unnecessary . .. to burden 
it with many references...”’. In the 
reviewer's opinion, however, the addition 
of references would have been very useful. 

On many important points Good does 
not agree with established facts. This in 
itself is not so obiectionable, but when he 
emphasizes the opposite view, he leaves 
the reader unconvinced. For instance, 
the complicated adaptations in floral parts 
of the asclepiads, which are correlated 
with pollination, are considered to be 
“ functionless ’’. Again, his conclusion 
that the flowering plants are in no way 
“the product of any highly competitive 
and eliminative plan of nature ”’ is open 
to serious doubt. 

In several ways, “ Features of Evolution 
in the Flowering Plants” is a refreshing 
treatment but suffers from numerous 
speculations. Throughout the book paral- 
lelism in evolution has been emphasized. 
There are many instructive illustrations. 
In spite of its shortcomings, the book 
would be equally welcomed by the student, 
the teacher, and the general reader. 

B. M. JouRI 
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